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8. VAPOUR PRESSURE

It is known that adding ethanol to gasoline raises the vapour pressure of the fuel. The chemical
explanation for this is that gasoline consists mainly of hydrocarbons (straight, branched and
aromatic hydrocarbons), which are nonpolar and have different boiling points. In contrast, the
ethanol molecule (CH;CH;-OH) contains a hydroxy! group (-OH) which makes it pelar. Itis a
well-known fact from solubility investigations that like dissobves like, i.e. polar solvents dissolve
polar solutes and nonpolar solvents dissolve nonpolar solutes. Thus, introducing polar
compounds like ethanol into gasoline (which is nonpotar) makes the gasoline blend more polar
than neat gasoline, and increasingly polar as the ethanol content increases This results in the
vapour pressure of the ethanol-gasoline blend rising, since nonpolar compounds in the neat
gasoline, with relatively low boiling points (and hence relatively high vapour pressure), will
evaporate as the gasoline biend becomes more polar. In Figure 8.1 the Reid Vapour Pressure
(RVP) (measured, by definition, at 100 °F) is shown as a function of the percentage of ethanol
blended with gasoline. The neat gasoline from 1997 (Furey and Jackson, 1977) had a higher
initial vapour pressure than the gasoline from 2002 (Hsieh et al, 2002). The lightest chemical
component of gasoline fuel in general is butane, which is removed to produce low RVE gasoline
(Koroiney, 1996). This indicates that the evaporative emissions from ethanol blended gasoline
consist mainly of butane.
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Figure 8 1 Reid Vapour Prefsure (at ~38 °C) shown as a function of the percentage of ethanot
blended with gasoline (M Furey and Jackson, 1977, ¢ DOE, 1991).

For both of the fuels shown in the figure the highest relative RVP was obtained at a percentage
of ethanol in the neat gasoline of about 10%. Hence, there are strong indications that the
maximum RVP will be obtained at a 5 to 10 percent ethanol content in gasoline, regardless of the
neat gasoline fuels used. Decreasing the initial vapour pressure of the neat gasoline will reduce
the absolute vapour pressure of a 10 percent ethanol biend Furthermore, in Figure 8.1 the largest
vapour pressure increase (a approximately 10 % increase in the RVP) is observed mn the 0 to 5
percent ethano} interval. A compound in gasoline which has a major impact on the RVP is
butane {Korotney, 1996).
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The compounds in the vapour phase from regular, mid and premium grade gasoline containing
ethanol (3.25 to 9.65 wt%) have been investigated by Harley and Coulter-Burke (2000), in a
headspace analysis in which they concluded that n-butane, n-pentane, 2-methyibutane and
ethanol coliectively accounted for more than 50% of the total headspace vapour mass at 38 °C.

A targe number of paper and reports have focused on the fact that blending ethanol in gasoline
increases the vapour pressure, and this phenomenon has been investigated in a number of
studies, especially in the USA, for example “Issues Associated with the Use of Higher Ethanol
blends” (NREL 2002). In the early 1980s Furey (GM) reported that even a low level of alcchol
in gasoline could have a high impact on the vapour pressure of the fuel {Furey 1985; 1986,
1990). A commonly quoted figure for the increase in RVP when blending base gasoline
available on the US market with 10% ethanol is 1 psi (a little less than 7 kPa), see below
concerning the “1 psi waiver”.

A report prepared for the Swedish Transport and Communications Research Board presented a
limited investigation of two fuels (one vapour pressure-adjusted and the other unadjusted) used
in three cars (see also section 7.4). The increases in vapour pressure found after adding 10 %
ethanol were 5 kPa and 4.5 kPa, respectively.

In many countries, including European countries, RVP is commonly expressed in kPa units,
while psi (pound per square inch} is used in the USA To facilitate comparisons, a graph for
converting psi to kPa and vice versa (based on a psi to kPa conversion factor of 6.895) and psi to
kp/em’ (another unit for measuring RVP used in some reports) is shown in Figure 8.2.
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Figure 8 2. Graph for converting psi to kPa and kp/cm”.

An important issue in several countries refated to the increase in vapour pressure caused by
mixing gasoline with ethanol has been whether or not compensatory adjusiments should be made
to the vapour pressure of the base gasoline. If it is not adjusted the RVP may increase above
regulated limits and may resuit in increased evaporative losses. Since many countries have
regulations concerning RVP failing to meet the standards may even be itlegal . In the EU, the
RVP of gasoline is regulated by the European gasoline standard (EN 228).
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Since a high vapour pressure of the fuel may cause vehicle drivability problems and make hot
starting impossible as a result of vapour lock, another relevant issue is driver acceptance of the
fuel.

According to the literature some countries at least, such as the USA, Australia and Sweden, have
decided to decrease the vapour pressure of the base gasoline used in alcobol blends in order to
meet the existing standards/regulations.

3.1. RVP-USA

In the USA the vapour pressure of 10% ethanol-gasoline blends has been allowed to exceed the
limits imposed for conventional gasoline by 1 psi (the “1 psi waiver”) Andress, 2000).

There has been ongoing debate in the USA about whether or not this waiver should be retained.
The US EPA has been arguing that the waiver for ethanol-blended gasoline can be seen as a
barrier hindering the broader introduction of reformulated gasoline. On the other hand, there has
been pressure from the farmers producing ethanol and the Fthanol Fuel Association, since an
increase in the use of ethanol, as a replacement for MTBE, would increase demand for ethanol.
One factor to take into account, especially for the US EPA, is that the use of ethanol blended
gasoline is recommended in CO non-attainment areas.

Documents from the California Air Resources Board (CARB) (CARB, 1998) show that
replacing gasoline with ethanol may clearly reduce CO emissions, even if the gasoline is not
adjusted to comply with RVP requirements (i.e. the 1 psi waiver is applied). Thus, adding
ethanol to gasoline has provided a means to meet CO levels required by the air quality standards
in many of the current, so-called CO non-attainment areas. However, these documents also show
that adding ethanol to gasoline without adjusting the RVP leads to increases in the emissions of
volatile organic compounds (VOCs) and nitrogen oxides (NOx), and in the fuel’s ozone-forming
potential. Since both VOC and NOx are important emissions in the formation of tropospheric
ozone the 1psi watver has not been applied to mixtures of ethanol in reformulated gascline
(RFG). which is primarily intended for use in ozone non-attainment areas to avoid increased
formation of ozone.

The effect of this waiver is discussed in a study released by the EPA that provided part of the
rationale for introducing reformulated gasoline (RFG), i.e. gasoline containing an oxygenate,
which at the time could be either MTRE or ethanol (US EPA, 1993). It was proposed that a
renewable oxygenate should be used, and one of the most controversial questions addressed
when the RFG rule was drafted was how ethanol/gasoline blends should be treated. The EPA
argued that the base gasoline had to be adjusted to ensure that the vapour pressure met the
standards. However, the EPA had to accept that adjusting the RVP could lead to cost penalties,
inter alia, {or the ethanol blended fuel An arsument propounded in commenis sent to the EPA
was that ethanol would be excluded from the market without a waiver. The opinion among the
ruie makers within the EPA was that ethanol is cheaper than MTBE per gallon and that this cost
difference could well compensate for the costs of adjusting the RVP, which are minor compared
to the cost of adding oxygen via oxygenate additions.

In the cited paper {(UJS EPA, 1993) the EPA also discussed the detrimental effect on emissions of
granting the waiver of I psi RVP, since blending ethanol in gasoline will increase the vapour
pressure of the fuel, and hence increase VOC emissions. Two letters from EPA staff claim that a
fuel that met RFG requirements in every respect except its RVP and had an RVP of 1 psi over
the limit would increase VOC emissions by about 20 % relative to a baseline gasoline
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Furthermore, the EPA argued at that time that ethanol blends with a 1 psi waiver would have an
advantage over RFG and thus might dominate the market (US EPA, 1993).

The estimated reduction in VOC emissions likely to follow the introduction of RFG based on
unblended gasoline is estimated to be 11 %, see Table 8.1. The reduction will be less if ethanol
blended gasoline is used, and considerably less if RVP-adjusted gasoline is not used as a base
according to the EPA estimations. Consequently, the reduction in VOC emissions will diminish
as the ethanol market share increases, as can be seen in Table 8.1.

Table 8.1, Losses of “In-Use” VOC Emission Control as a Result of the Ethanol Waiver for
RFG*

Ethanol Market Share (%)

0] 8 24 30 35
% VOC Reduction Due to 11 10.1 84 7.7 72
MTRBE Share
% VOC Reduction Due to 0 -1.0 231 -39 46
Ethanacl Share (with distillation)
% VOC Due to Commingling 0 -1.2%* -2.4 -2.4 2.4
Total % VOC Reduction 11 7.9 2.9 1.4 0.2
Percentage Change from 100% N/A 28 74 87 o8
MTBE Baseline

* Emission percentage change input values shown are based on those calculated in the letter
from Chester France to Dr. Gary Whitten. Memorandum 6 from Paul A Machiele, Fuel
Studies and Stendards Branch, to Richard D. Wilson, Director, Office of Mobile Sources,
"Update of the Relative Ozone Reactivity of Reformulated Gasoline Blends," June 11, 1993.

## Commingling, assuming half of that at higher market shares based on analysis (US EPA,
1993).

A paper from the US Energy Information Administration section (EIA, 2002) of the US
Department of Energy (DOE) describes, inter alia, the effect of adjusting the RVP of base
gasoline intended for blending with ethanol. A primary feature it dispiays is that there is a
relationship between the RVP of the base gasoline, and the magnitude of the impact on the RVP
when adding ethanol to the base gasoline is shown in Table 8.2

Table 8.2. RVP effect of blending ethanol to the base gasoling.

Finished Gasoline RVP Approximate RVP Increase Base Gasoline RVP
Requirement when Ethanol is Added to Adjustment Needed if |
Make a 10% Blend Pound Waiver Not Allowed
9.0 1.0 (1.1
7.8 12 (1.3)
7.0 1.3 (1.4)

Spurces: William . Piel. “Oxygenate Flexibility for Future Fuels,” Acro Chemical Company. paper presented a
the National Conference on Reformulated Gasoling and Clean Air Act Implementation, Information Resowrces,
Ing. Washington, DC. October 1991, American Petrolenm Institute, Alcohols and Ethers, Publicagion 4261

The paper cited above (EIA, 2002) discusses the energy losses from the gasoline poot dug to
removing C, and Cs hydrocarbons from it in order to meet the RVP requirements of gasoline
without the }-psi waiver. The study that the paper was based upon was initiated by discussions
about the possible removal of the 1-psi waiver following a request by Senator Bingaman
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{Chairman of the Senate Committee on Energy and National Resources) presented in a separate
paper (Office of Oil and Gas of the Energy Information, 2002).

It is interesting to note that an adjustment of the base gasoline intended for use with ethanol
blends in order to keep the RVP under the required limits may reduce the energy content of the
gasoline pool to a larger degree than the energy supplied by the added ethanol (EIA, Energy
Information Administration, 2002). However, the magnitude of the reduction in energy content
depends on the RVP requirement and the gasoline used for blending. In the USA, especially
California, where the maximum RVP allowed is 7.0 psi (48.3 kPa), adjustment of the gasoline to
be used for blending with 10 % ethanof will result in a 2.8 % reduction in its energy content. In
conirast, in areas of the USA where the maximum RVP is 9 psi (62.1 kPa) the result of adding 10
% ethanol to RVP adjusted gasoline will be a 4.5 % increase in the energy content. Not adjusting
the base gasoline intended for use in 10 % ethanol blends will result in a 5.1 % increase in the
energy of the gasoline pool if there is a 7.0 psi RVP requirement and a 7.5 % increase if there 1s
a psi 9.0 RVP requirement.

These two examples could be used as models for calculating the effect of adjusting the base
gasoline for biending, in energy terms, when deciding whether it should be adjusted or not.
However, it should be emphasised that the components (mostly butane) removed from the base
gascline when adjusting the RVP will generally be used for other purposes and not wasted. The
increase in evaporated hydrocarbon emissions that will occur if the RVP is not adjusted should
be analyzed and discussed when deciding whether these polluting emissions will be
unacceptably high (see table below).

Volume and Energy Effects of Adjusting RVP Prior to Adding Ethanol

RVP Volume Change due to Adding Energy Change due to Adding
Ethanol to Make a 10% Ethanol Ethanoel to Make a 10% Ethanol
Blend Blend
With RVP Without RVP With RVP Without RVP
Waiver Waiver Waiver Waiver

90 11.1% 7.5% 7.5% 4.5%

7.8 10.3% 2.2% 6.8% ~0.2%

7.0 83% -0.9% 5.1% -2.8%

A paper published by the US EPA (Korotney, 1996) considers RVP-related charactenistics
associated with three different gasoline blends: “Low RVP gasoline”, “Reformulated gascline
(RFG)" and “Conventional gasoline”. Low RVP gasoline is produced from conventional
gasoline by removing butane (EPA 1996), while RFG is “blended to bumn cleaner and reduce
smog-forming and toxic pollutants™ (Virginia Department of Environmental Quality 2005).
Conventional gasoline is a mixture of compounds, called hydrocarbons, refined from crude
petroleum, plus small amounts of a few additives (Utah Petroleum Association, 2004)
Conventional gasoline is also called “Commercial gasoline” and in certain areas of the USA will
be blended with ethanol (commonly to 10 %)

Korotney addresses implications of the facts that the only compound removed from conventional
gasoline is butane and that low RVP gasoline is produced solely to meet the RVP requirements
of 6.8 psi to 8.1 psi, with typical values of 7.0 to 7.2 psi.Since the intentions when designing
reformulated gasoline were not only to meet the RVP requirements, but also to reduce emissions
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of toxic substances, his conclusions concerning low RVP gasoline, compared with conventionai

. gascline are infer alia that:

s Low RVP gasoline will reduce the evaporative emissions.

e The primary emission benefits (VOC) of low RVP gasoline come from reductions in
evaporative emissions.

» Exhaust emission reduction is very small or nonexistent.

o Low RVP gasoline will have little or no effect on NOs.

» TEvaporative emissions of VOC tend to be less reactive (i.e. produce less ozone) per gram
than exhaust VOC.

+ Since nitrogen oxides (NOx) are combustion products, they will not be found in
evaporative emissions, so using low RVP gasoline should have little or no effect on NOx
emissions. However, empirical evidence indicates that use of low RVP gasoline may
actually increase the NOX emissions by 1 %.

s Low RVP gasoline will not reduce carbon monoxide (CO) emissions, and may in fact
increase them slightly. RFG gasoline, on the other hand, will affect CO emissions since
they are influenced by the oxygen content of the fuel and not the RVP.

s Since ozone is formed in the atmosphere from complex reactions invelving NOx, VOC
and CO, reducing the RVP will have less effect on its levels than using RFG, which will
have also affect NOx and CO emissions.

Another paper released by the EPA (US EPA, 1996) represents a response to a letter from the
American Petroleum Institute (API) is presented (US EPA, 1996)The director of the API, C.J.
Krambuhl, opposed statements of the EPA (Korotney) in their paper about low RVP gasoline.
The main argument by Krambuhl was that the low RVP gasoline is more cost-effective than the

. reformulated gasoline. In a short answer to the APl the EPA’s Fuels and Energy Division
Director, C.N, Freed, notes that “The modest reductions in NOx for Phase 1, RFG, and the more
substantial reductions in NOx for Phase I, RFG, provide a means for immediately reducing
ozone without waiting for fleet turnover”. He also invited the API to a meeting with the EPA in
order to clatify the latter’s position. In a report (US EPA, 1999) it is stated that “Beginning on
January 1, 2000, the Phase II complex model standards at 40 CFR 80 41(e) and (f) will apply to
all RFG in the gasoline distribution system”.

8.2. RVP - Brazil

Brazil introduced ethanol as a neat fuel for spark ignition engines more than 20 years ago. The
Brazilians have also tried blending ethanol to different levels with gasoline since then. The
introduction of ethanol was due more to rural and agricultural politics than to environmental
concerns. Hence, the number of relevant emissions tests etc. they carried out was limited. The
use of ethancl as a vehicle fuel in Brazii has varied over the years, mainly because of variations
in the production capacity and changes in the taxation system. Today, a number of FFVs and
vehicles optimised for running on neat ethanol are being used in Brazil. In addition, all marketed
gasoline is blended with approximately 20 % ethanol Furthermore, there is no tax reduction for
ethanol in Brazil today, because its low production costs (reduced incrementally over the past 20
years) allow it to compete on the fuel market without any such advantages.

Nevertheless, very few tests have been done in Brazil regarding the environmental effects of
using ethanol as a vehicle fuel. Ethanol is regarded as an environmentally friendly fuel with low
CO- emissions, and no need for further debate is recognised. The potential problems associated
. with increased vapour pressure due to adding ethanol to gasoline, including increased
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evaporative losses, do not apply in Brazil since they use either neat ethanol (with very low RVP)
or at least 20 % ethanol biended in gasoline; a level at which the increased vapour pressure has
declined more or less back 1o the original RVP of the base gasoline (Alfred Szwarc, personal
communication, 2004).

38.3. RVP- Europe
In Europe the vapour pressure of gasoline is restricted to:

o A minimum of 45 kPza and a maximum of 60 kPa in summertime.
» In countries with Arctic and sub-Arctic climates, such as Sweden, the RVP must be at
least 45 kPa and no more than 70 kPa in summertime .

In Sweden not many investigations have been carried out on the relationship between ethanot
blends in gasoline, increased vapour pressure and increased evaporative emissions. However,
one such study is described in the report, mentioned earlier, prepared for the Swedish Transport
and Communications Research Board (KFB) by Laveskog and Egebick (1998; see section 7.4},

In another, the vapour pressure and evaporative emissions from E85 (85 % ethanol and 15 %
gasoline), E10 and reference gasoline were studied in a project carried out by Lu-Karlsson
(1999) at the MTC (Motortestcenter of Sweden). Using a simulated” Sealed Housing for
BEvaporative Determination (SHED} test method, the total amounts of hydrocarbons (HC) that
evaporated were quantified and the composition of the evaporative emissions was chemically
characterized. The evaporative emission components detected were ethanol, benzene, toluene,
C,4-Cs, alkanes and olefins. The E10 mixture gave the hghest HC evaporative emissions.
Compared to gasoline, the E10 gave elevated Cy — Cq alkanes and olefin ermisstons, but reduced
aromatic emissions. Compared to the reference gasoline, the base gasoline with a higher vapour
pressure gave significantly higher Cy — Cy alkane and alkenc emissions.

At the European level (JCR ~ ISPRA), in 2004 Eucar and Concawe camted out a joint
investigation of evaporative losses and other phenomena associated with blending ethanol in
gasoline. The objectives of the project were:

s To clarify the effect of fuel vapour pressure on volatility and evaporative emissions from
modern cars equipped with canisters, representative of the recent European fleet.

o To assess the effect of ethanol blending on fuel properties and evaporative emissions
{quantitative and qualitative).

e To assess the impact of the cars’ fuel system technology on the evaporative smissions
{canister aging, metal/plastic tanks).

+ To provide a firm technical basis for debates on gasoline vapeur pressure himits i
relation to ethanol blending for the Fuels Directive Review.

The tests were to be carried out on two base gasolines (one vapour pressure-adjusted and one
unadjusted), and ethanol blends (with 5 and 10 % ethanol contents) of these fuels were to be
examined. However, no official report from the project has been presented as yet.

" During wintertime in Finland, Norway and Sweden the RVP ranges from 50 to0 95 kPa.
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84, RVP- Australia

According to the literature studied there is a clear preference for mixing ethanol in gasoline in
Australia. The main issue addressed by the authors involved has been the percentage of ethanol
that should be allowed to be blended in the fuel. In a paper from Environment Australia
discussing this issue (Environment Australia, 2002) it is pointed out that ethanol-gasoline blends
withi0 % ethanol content are already available on the market, while the process 1o set
environmental standard for gasoline should allow only 7.8 % ethanol in gasoline (e 2.7 %
oxygen by weight instead of 3.5). Furthermore, ethanol blends should have to meet the Reid
Vapour Pressure requirements, which according to the standards should be <62 kPa in the area
around Sydney, <67 kPa in Perth and <76 kPa in Queensland during the summer months
according to Hellens (2002) of BP Australia.

8.5. Theoretical Discussion on Vapour Pressure Using Raoult’s Law

For liguid-tiquid solutions where both components — in this case gasoline (gas) and ethanol (eth)
—are volatile a modified Raoult’s law applies.

_ 0 0 . .
Piota = Pgas +Pen = Xg&? gas T Lol eth Xgns"')(,eih_l

Where Py represents the total vapour pressure of a solution containing gasoline and ethanol,
Keas and Yeq, are the mole fractions of gasoline and ethanol, respectively, and P”gas and P%, are
the pressures of the “pure’” solutions. As gasoline is a mixture of chemical compounds and not a
pure compound, only a theoretical discussion can be applied. However, in Figure 8.3 the vapour
pressure of a gasoline-ethanol fuel blend is shown as a function of the ethanol mole fraction
{x.m), based on the same primary data as used in Figure 8.1. The ethanol mole fraction was
calculated using a “theoretical” calculated mean molecular weight of gasoline. The theoretical
mole fraction of gasoline in the ethanol-gasoline blend was catculated using information on the
percentage (by weight) of carbon and hydrogen in the gasoline. The estimated weight
percentages used for carbon and hydrogen in gasoline are 87 and 13, respectively, accordingly to
Hsieh et al. {2002). Using these values as input data a theoretical molecular formula of CysHae
can be calculated for gascline, consisting of =87 percent {w/w) carbon and =13 percent (w/w)
hydrogen. In Figure 8.3 a positive deviation from Raoult’s law can be seen, which can be
attributed to the ethancl and gasoline interactions in the blend being weaker than the interactions
among the molecules as neat hiquids. Molecules in the blend have a higher tendency to reside in
the zas phase, thus increasing the vapour pressure and leading to a positive deviation from
Raoult’s law, as shown in Figure 8 3.
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Vapour pressure, Rauits law
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Figure 8.3, Reid Vapour Pressure (MFurey and Jackson, 1977, #DOE, 1991} as a function of
the mole fraction of ethanol (y.) blended in gasoline. X Ethanol RVP, A gasoline RVP,
* gasolinefethanol blend of ideal solution.

8.6. Findings

o When ethanol is added to gasoline the vapour pressure of the resulting blend increases. The
highest RVP is reached at a blending with approximately 10 % ethanol. Increasing the
athanol content abave 10 % reduces the RVP, and at levels of 20 to 40 % ethanol (depending
on the specification of the gasoline used) the RVP of the blend returns to the original level of
the gasoline. Further increases in ethanol content will further decrease the RVP of the blend
to levels below the oniginal RVP of the gasoline used.

» Increased RVP may increase VOC emissions, depending on the type of evaporative emission
contral system used However, no direct correlations between the gasoline vapour pressure
and the exhaust VOC emissions from vehicles have been found.

o RVP-adjusted gasoline that is used for blending with ethanol, but stll fulfils the RVP
requirements set by EN 228 specifications, will have a lower energy content than gasoline
that is not so adjusted

e Increased vapour pressure of a fuel may affect the drivability of the vehicle at high ambient
temperatures, i.e. vapour lock may occur. It may also affect hot engine start ability.

o There is not much data from Swedish or Furopean investigations on the effects of increased
fuel vapour pressure on evaporative and tailpipe emissions. This issue is currently being
investigated in an EU project, but no data or reports arising from it have been published to
date.

o ltis difficult to apply data from USA directly to Swedish or European conditions, since the
gasoline used in the USA is quite different from Swedish/European gasoline standards.
Gasoline standards appiied in the USA are designed to solve problems such as poor air
quality in city centres and the formation of tropospheric ozone, which are not always
prioritised in Europe. Furthermore, the data from the USA can be mutually contradictory.

e There are very few data on emissions from Brazil regarding vehicles running on neat ethanol
or ethano! gasoline blends. However, since the lowest ethanol content of the Brazihan fuel
blends is 20%, the evaporative emissions from the vehicles are limited.
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9. RISK FOR EXPLOSIONS AT LOW AMBIENT TEMPERATURES

McArragher (1996) discussed the minimum Reid Vapour Pressure required to ensure that the
upper flammability limit of gascline vapour is exceeded; a critically important safety issue
{McArragher, 1996). This means that the head space in a tank should be saturated with gasoline
vapour at a greater partial pressure than the upper flammability limit for a gasoline-air mixture,
thus avoiding the risk for explosion. However, at low RVP and low ambient temperatures there
is a risk that the headspace in a tank will be saturated with gasoline vapour which is under the
upper flammability Himit of the gasoline-air mixture, which is then an explosive chemical
mixture. Blending up to approximately 10 % ethanol in the gasoline increases the initial RVP of
the neat gasoline (Figure 8.1), suggesting that it should reduce the risk for a flammable mixture
forming. If the ethanol content is increased above approximately 10 % the RVP of the
gasoline/ethanol blend is lowered (Figure 8.1). At approximately 25 % ethanol, the gasoline-
ethanol blend has approximately the same RVP as the neat gasoline. This means that use of
ethanol contents higher than approximately 25 % will increase the risk that vapour will form
with pressures under the upper flammability limit. According to the Swedish Rescue Services
Agency (SRSA, 2004) there is no difference between gasoline and ethanol-blended gasoline
from a legal perspective in terms of the risk for flammability or explosion. However, a concern
raised by the SRSA is that ethanol can adversely affect the foam used by fire fighters, although
ethanol-resistant foam is available. Thus, thig potential problem can be overcome by informing
local fire stations about the presence and locations of ethanol-blended gasoline filling stations.
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10. LIFE CYCLE ANALYSIS (LLCA) OF GASOLINE AND ETHANOL
BLENDS

Life Cycle Analysis is a tool for analyzing and assessing environmental conseguences of human
actions, originally used to address product-related environmental issues. In LCA a product is
followed from “cradie to grave” i.e. from raw material acquisition, through production, use and
waste disposal. By assessing all of the indusirial processes assoctated with manufacturing a
given product, sub-optimization can be avoided, with respect to issues such as whether a raw
material can be replaced with a less toxic one without increasing the total environmental impact
due to changes in transporiation distances or modes, and whether production of the new raw
material {or substitution of a product with a similar one) will generate more or less toxic
emissions

The 1SO standard for LCA (ISO 14040, 1997) defines it as a “technique for assessing the
environmental aspects and potential impacts associated with a produet”, by:

Compiling an inventory of relevant inputs and outputs of its production system.
Evaluating the potential impacts associated with those inputs and outputs.

Tnterpreting the results of the inventory and impact assessment phases in relation to the
objective of the study.

LCA can be used to assess and compare, in a “cradle to grave perspective”, effects of using
different vehicle fuels, such as gasoline, bio ethanol and bio ethanol-blended gasoline. The
results may elucidate the “total” effects on the climate, environment and health of replacing
gasoline to varying degrees by bio ethanol. However, when wusing LCA for
assessment/comparison of different situations it is important to apply the same system boundary
and framework conditions consistently. Otherwise, the LCA will not give reliable answers to the
questions posed. For example, in response to a request by the Swedish Alternative Fuel
Committee, Magnus Blinge of Chaimers University of Technology, Gothenburg {Blinge, 1996)
compared about 20 different L.CAs related to conventional and alternative vehicle fuels. One of
Blinge’s main conclusions was that it was not possible o make a good comparison befween
these LCAs or to extract relevant average emission data concerning production, vehicle use etc.
from them, largely because of small differences between them in terms of parameters such as the
test vehicies (age and engine/vehicle configuration) and the test cycles used.

10.1. LCA in the Context of This Project

The main purposes of the literature study related to LCAs within the BIFF -project were to search
for. and examine, LCAs that included assessments of as many as possible of the following:

s The environmental and health effects of emissions from the use of neat gasoline and
various ethanof-gasoline blends, ranging from 5 to approximately 20 % ethanol.

e Both vapour-pressure adjusted gasoline (i.e. gasoline fulfilling RVP requirements even
after blending with ethanol) and unadjusted gasoline (with which blends would not meet
such requirements).

e FEmissions not only of carbon dioxide and/or other greenhouse gases, but also of
regulated emissions and, as far as possible, other unregulated contituents.
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» Potential differences in the emissions associated with various ethanol biending levels in
different types of gasoline (RVP-adjusted and unadjusted).

» Changes in emissions from sensitive “emission points” from harbour/refinery to
vehicle/tailpipe due to use of ethanol-gasoline biends with various ethanol contents and,
if possible, identification of the best point in the chain for blending ethanol into gasoline,
10 minimise evaporative losses.

e If (and if so how) switching from the use of RVP-adjusted gasoline to unadjusted
gasoline (allowing increases in vapour pressure) in gasoline-ethanol blends would atfect
the overall climatic, environmental and health impact.

A further objective of the work was to find out if LCAs, such as those mentioned above, carried
out in the USA and other countries could provide a reasonable basis for predicting life-cycle
changes in emissions that would follow the use of 5 to 20 % ethanol blends with gasoline, and
fuels for use in Otto engines, and their impact (especially on the environment and health), under
Swedish or Buropean conditions. However, it was (and is) essential to remember that basing
predictions on LCAs is likely to be difficult, or even impossible, unless the system boundary and
framework conditions are very similar.

10.2. LCA Studies for Ethanol in Neat Form or Blended with Gasoline

SA

The literature survey revealed that many LCAs have been carried out on the production and use
of ethanol, mostly in the USA, under typical American conditions, e.g..

o The raw materials for the production in the USA are often corn or corn residues.

s The vehicle parameters used in the LCA calculations are generally typical for
engines/vehicles sold in the USA 5 to 10 years ago.

e The conventional fuel used in the comparisons is generally common US gasoline, which
is not the same as European and less than that Swedish gasoline. In addition, the gasoline
quality differs between regions/states in the USA and the US authorities have established
special gasoline qualities for areas with special air quality problems, the so-called non-
attainment areas (with respect to CO or tropospheric ozone). This means gasoline
qualities with a minimum Jevel of oxygen or a minimum level of added oxygenate
(MTBE or ethanol), gasoline with a maximum level of vapour pressure (low vapour
pressure gasoline, LWG) or gasoline with a maximum vapour pressure and Jow level of
specific compounds, such as benzene and aromatics, reformulated gasoline (RFG).

Examples of such LCAs include:

¢ Fuel-Cycle Fossil Energy Use and Greenhouse Gas Emissions of Fuel Ethanol Produced
from U.S. Midwest Corn, Michel young, Christopher Saricks and May Wu, Argonne
National Laboratory, US, 1997 (Young et al |, 1997)

s Effects of Fuel Ethanol Use on Fuel-Cycle Energy and Greenhouse Gas Emissions, M
Wang, C Saricks and D Santini, Argonne National Laboratory, USA (Wang et al, 1999).

However, since these LCAs were based on conditions specific for the USA there are various
difficulties in using them as a basis for predictions related to Swedish and/or European
conditions other than merely giving hints about likely results,
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Furthermore, the LCAs that have been found mostly focused on emissions of carbon dioxide,
and sometimes other greenhouse gases, but LCAs seldom consider emissions of regulated or
other non-regulated constituents.

Europe

For European conditions General Motors, together with Argone National Laboratory, published
a report entitted “Well-to-Wheel Energy use and Green House Gas Emissions of Advanced
Fuel/Vehicle System — A European Study” The work was carried out with BP, ExxonMobil,
Shell and TotalFinal EIf as active participants, and is a complement {0 a similar study for North
American conditions published in 2001 (GM 2001). However, as can be seen from the title this
LCA-study only covers greenhouse gases and energy use.

Another LCA related to European conditions was jointly undertaken by CONCAWE, EUCAR
and the EU-Commissions/Joint Research Centre, as reported in “Well-to-Wheel Analysis of
Future Automotive Fuels and Power Trains in the European Context” (Concawe 2004). This
report also focuses on the emissions of greenhouse gases, as do two other European LCAs on bio
fuels/ethanol. One carried out by Patyk and Reinhardt, of the Institut fir Energie und
Umweitforschung, Heidelberg, Germany, (Patyk and Reinhardt, 2002), entitled “Life Cycle
Analysis of Bio Fuels for Transportation used in Fuel Cells and Conventional Technologies
under European conditions”. The other, carded out by the French authority for environment and
energy, ADEME, together with Ecobilan, PricewaterhouseCoopers and DIREM, was called
“Energy and Greenhouse Gas Balances of Bio Fuels Production Chains in France, and was
published in December 2002 (ADEME, 2002).

Sweden

Several LCAs have been carried out on the production and use of alternative vehicle fuels under
Swedish conditions, focusing on (or at least including) ethanol. In 1997, Magnus Blinge, of
Chalmers University of Technology, Gothenburg, carried out an LCA on different alternative
fuels following a request from the Swedish Transportation Research Board (Blinge et al., 1997}
This LCA, despite being relatively old, and not based on the latest data, information and
technology, still seems to be one of the best. It also covers non-regulated emissions. However, in
addition to being old, the results are primarily valid for Swedish conditions and not applicabie to
the rest of Europe,

Another Swedish LCA that is specifically related to Swedish conditions is Agro Ethanol’s LCA
on the annual production of 50 000 m® grain-based ethanol at the Agroetanol AB production
plant outside Norrkoéping, However, this LCA is focused solely on emissions of greenhouse
gases.

Other countries
Two LCAs from countries outside Europe and the US are:

» Comparison of Transport fuels cartied out by Beer and co-workers, the Australian
Greenhouse Office, The University of Melbourne (Beer et al., 2002).

e  Assessment of Greenhouse Gas Emissions in the Production and Use of Ethanol in
Brazil. Government of the state of Sao Paulo, carried out by Isaias de Carvalho and co-
workers. (I Carvalho et al., 2004},



Page 83

Both of these LCAs are concerned with emissions of greenhouse gases and energy efficiency.

In addition, of course, LCAs have been carried out in other parts of the world, including China
(see below), India and Canada, but these have also focused mainly on emissions of greenhouse
gases with clear country-specific framework conditions, largely concerning the raw material.

10.3. Discussion

LCAs on the production, distribution and use of a vehicle fuel such as ethanol is often carried
out with country-specific framework conditions such as the scurces and nature of the raw
material used to produce the fuel.

In most of the L.CAs carfied out to date on ethanol, “neat” ethanol for FFVs, 85 % ethanol and
15 % gasoline (E85), or ethanol-gasoline blends with low alcchol contents (5 % or accasionally
10 %; E5 or E10), are compared with neat gasoline. LCAs comparing blends with higher ethanol
contents, up to 20 or 30 % for example, are scarce.

Concerning the parameters studied in LCAs on the production, distribution and use of alternative
fuels/ethanol most have mainly focused on their climatic impact, especially emissions of carbon
dioxide and, occasionally, emissions of other greenhouse gases.

LCAs that consider regulated emissions are not common. The investigation by Blinge and co-
workers. (Blinge et al. 1997) is an exception, as is the “Economics, Environment and Energy
Life Cycle Assessment of Automobiles Fueled by Bio-ethanol Blends in China”, study by
Zhiyuan Hu and coworkers of Shanghai Jiao Tong University, China {Zhiyuan et al., 2004),

Furthermore, there have been few studies related to non-regulated emissions, and they are
difficult to find.

To summarize:

s It is difficult to find LCAs that meet the criteria sought here.

* 1t is difficult to draw general conclusions concerning specific emissions due to the
production, distribution and use of ethanol as vehicle fuels from a number of different
LCAs because of differences in their system boundaries and framework conditions.

It is difficult to use LCAs that have been published to date to predict general conditions
for sttuations that were not foreseen, or considered, when they were carried out,

Although it is difficult to find the kind of LCA sought for and described in chapter 4.9.2, there1s
at least one example of an LCA in which different types of gasoline were examined that could be
used as a procedural model for LCAs considering ethanol blends of RVP-adjusted and
unadjusted gasoline, The study was performed by Teresa Mata and co-workers of the University
of Porto, Portugal (Mata et al., 2003).

In the cited LCA, a life cycle analysis or assessment compared the potential environmental
impact of various gasoline blends that all met the same octane and vapour pressure
specifications. The system boundaries were set to include the refinery process, but exclude the
fuels’ use in a vehicle. For the chain from refinery to refueling of the vehicle seven stages were
defined and emission factors were calculated Several types of gasoline that differed in their
specifications, but fulfilled standard octane number and RVP requirements, were compared in
terms of their potential environmental impact due to hydrocarbon emissions. The resuits of the
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study showed that since the blending components such as atkylate, cracked gasoline and
reformate have different octane numbers and vapour pressures, as well as differing in their
potential environmental impact, some gasoline blends are less detrimental for the environment
than cthers.

10.4. Findings
LCAs are difficult to find, worldwide or in Europe/Sweden that:

o Have relevant framework conditions (modern engine systems, relevant fuel specifications
ete).

o Consider the emissions not only of greenhouse gases but also of regulated and other non-
regulated constituents.

s Compare regulated and non-regulated emissions (tailpipe emissions and evaporative
emissions) from a well-to-wheel perspective and their impact on the environment and
health from the production, distribution and use of gasoline with blends of RVP-adjusted
and unadjusted gasoline with 5 to 20 % ethanol.

A number of LCA's have been carried out {mainly but not solely in the USA), but they have
applied more or less country-specific framework conditions with respect to the raw material used
for the ethanol production and specific gasoline specifications. They have also often focused (as
have most LCAs on the production, distribution and use of other alternative fuels) on the
emissions of greenhouse gases. From a European or Swedish perspective, L.CAs carried out in
the USA or other parts of the world probably differ too much in their framework conditions to
provide a relevant basis for predictions under European/Swedish conditions.

To obtain information concerning whether (and if so, how) evaporative emissions and tailpipe
emissions might differ, from a well-to-wheel perspective, it seems necessary o carry out a new
LCA. Such an LCA couid be structured similarly to that of Mata and co-workers (Mata et al.
2003), but with specific Swedish framework conditions.

Such an L.CA should focus on:

Ethano!l blended gasoline with ethanol contents in the 5 to 20 % range.

Gasoline fulfilling RVP conditions in Europe/Sweden

Gasoline not fulfilling the RVP conditions. This implies accepting an increased RVP.
Besides carbon dioxide, other greenhouse gases and both regulated and non-regulated
emissions should be measured.

. * & 2

If possible the LCA should include some kind of evaluation concerning the extent to which
different types of canisters could reduce the evaporative emissions from the vehicle and the
extent to which they would reduce the totai volume of emissions.



Page 85

11, CONCLUSIONS AND RECOMMENDATIONS

Please note that conclusions from the literature study are written in regular font (Times New
Roman) and recommendations by the authors of the present report are written tn italic.

American car manufacturers have agreed to accept the use of blends with up to 10 % ethanol in
gasoline in their vehicles, without changing the warranty conditions. Many car manufacturers in
Europe and Japan sell vehicles in North America. Therefore, the design of currently availuble on
the Furopean market, including Sweden, may allow the use of blends with at least 10 % ethanol
in gasoline.

A conclusion which can be drawn from the literature study is that newer models of vehicles are
more tolerant to changes in the composition of fuels such as a blend of 10 % ethanol in gasoline.
One problem that may apply to older vehicles is that alcohol tends to react with rubber. Owners
of such cars should refrain from using alcohol blended gasoline. Many authors of papers dealing
with alcohol fuels claim that the main cause of reported problems of using alcohols, especially
methanol, as a fuel for vehicles is that they have often been used in older cars. Further studies of
the vehicle fleet in Sweden may be needed to generate information about the implications of
using gasoline blends with up to 10 % ethanol jor older cars which may be less tolerant to themn
than newer models.

1t is difficult to apply data from investigations carried out in other countries directly io Swedish
conditions since many variables differ from country to country, especially in terms of the fleet of
vehicles, the fuels, emission regulations and certain other factors. In addition, some
investigations evaluated in the present report have given contradictory results. However, updaied
exhaust emissions (6f both regulated and wnregulated compounds) from neat gasoline and
ethanol gasoline blends should be characterized as described in the present report in tests at
both ambiemt temperature of 20 °C (in accordance with current certification procedures) and
lower temperatures, e.g. -20 °C.

Start ability and drivability ai low ambient femperatures such as -20 °C are important variables
to investigate due to the harshiess of Swedish winters.

Methods for sampling and analysing exhaust emissions have not been adequately developed for
alternative fuels in general since traditional sampling and analysis methods were developed for
characterizing emissions from traditional fuels such as gasoline and diesel oil. There is a need fo
develop and update methods for sampling and analysing vehicle exhanst emissions generated
from the combustion of alternative fuels.

The percentage of ethanol in gasoline blends evaluated should primanily be in the range of 10 %
as this could be the first upper target. Higher than 10 % contents of ethanol in gasoline dare
expected to be of more imporiance afier the year 2010.

Investigations and evaluations conducted for the American Lung Association of Minnesota
discussed in the present report have shown that the sulphur content of the fuel has a considerable
impact on both regulated and unregulated emissions. Therefore, daia on emissions generated
wsing fuels with relatively high sulphur contents cannot be directly applied fo Swedish
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conditions, since Swedish gasoline standards have allowed only 10 ppm sulphur since January
2005.

There is a need for updated emission factors Jor both regulated and unregulated exhaust
emissions from “modern” vehicles runming on neat gasoline and ethanol-blended gasoline.
Besides measurements obiained following  standard procedures, tests ai low ambient
temperatures (-20 C) should also be included. FEmission factors are needed for emission
inventories, which provide a basis for evaluating health and environmental effects.

Local fire stations should be informed about the presence and location of ethanol blended
gasoline filling stations to ensure the use of ethanol-resistant foam in the case of fire. This 1s
also an important issue to consider if fires occur in vehicles running on these fuels, since their
fuel tanks will contain ethanol/'gasoline blends.

11.1. Fuel Reid Vapour Pressure

When an alcohol is blended with gasoline the vapour pressure of the blended fuel will increase
(and considerably more for methanol than for ethanol). If ethanol is added, the RVP increases
most rapidly with further additions in the ethanol content interval from 0 to 5 %, and it peaks ata
blending level of approximately 10 % ethanol. The RVP then declines with further increases in
the ethanol content, and at a level of 20 to 40 % ethanol (depending on the specification of the
neat gasoline used) the RVP of the blend returns to the original level of the base gascline. A
further increase in ethanol content will then reduce the RVP of the blend to levels lower than that
of the gasoline used.

Increasing RVP may increase the VOC emissions, depending on the type of evaporative
emission control system used. There is a need for updated emission factors for evaporafive
emissions from “modern” vehicies rwming on ethanol mixed with gasoline (5 - 10 %),
comparing emissions from the use of both RVP-adjusted and non RVP-adjusted gasoline. in
addition to measurements of evaporative emissions according to the standard meihod, emitted
hydrocarbons should be analysed to generate data for use m further evaluations. With such daia
it will be possible to: (i) evaluate whether the evaporative emission standards are met and (ii) o
evaluate whether the emitied hydrocarbons will have an impact on the environment and healih
in Swedern.

Increasing the RVP of a fuel may affect the drivability of the vehicle at high ambient
temperatures, since it may cause vapour lock and may also affect hot engine starts. If a gasoline
with an RVP at or close to the upper limit is mixed (commingled) with a gasoline containing
ethanol, the upper limit alfowed for RVP could be exceeded.

The chemical compound in gasoline that contributes most to the RVP is butane. By decreasing or
increasing the butane content in gasoline the RVP can be reduced or increased. respectively.

Very few data have been found on evaporative emissions from Brazil regarding vehicles running
on neat ethanol or ethanol gasoline blends. However, since the lowest ethanol content of
Brazilian fuel blends is 20%, the evaporative emissions from the vehicles are limited.
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11.2. Regulated Emissions

As the energy content (MJ/) of ethanol-gasoline blends is lower than that of neat gasoline their
use will probably cause fuiel consumption to increase for the average driver.

The search for literature on the effects of ethanol blends on regulated emissions showed that very
few data are available on emissions measured when using a blend of 10 % ethanol in gasoline.
Since nearly all vehicles in Sweden are equipped with a three-way catalyst exhaust gas after-
treatment system, data obtained in tests with such vehicles were of particular interest. The
emission data found and discussed in this report are from investigations in Australia, Canada,
England (UK), Sweden and the USA. One main drawback when collecting and studying data
from different investigations is that the number of vehicles tested is often limited.

The Orbital Engine Company has carried out a series of investigations on vehicles fuelled with
ethanol blended easoline initiated by Environment Australia. Most of these investigations have
focused on a blend of 20 % ethanol in fwo or three grades of gasoline produced for the
Australian market. However, the investigations carried out by Orbital have been of great value
for this project since a broad spectrum of emission data are presented in the reports and they
discuss many aspects such as fuels, vehicles, catalysts, vehicle performance and wear. Data on
regulated, unregulated and evaporative emissions have been gathered and presented. There is
only one main drawback with the data from the extensive tests involved; the fuel (gasoline) used
for the tests with blended fuel and the neat gasoline had sulphur contents of up to 150 and 500
ppm, respectively, according to available information.

Investigations and evaluations conducted for the American Lung Association of Minnesota have
shown that sulphur in the fuel has a considerable impact on both regulated and unregulated
emissions.

A report from Environment Canada compares emission data from tests on ethanol blended
gasoline and neat gasoline. The ethanol contents in the blended fuels were 10, 15 or 20 %
When comparing data from the different ethanol blends with data from tests on neat gasoline no
dramatic differences were seen.

Beside the investigations carried out in Australia the emission tests carried out at Harwell,
England, on five vehicles fuelled with a blend of 10 % ethanol in gasoline are of some interest,
firstly because a 10 % ethanol in gasoline biend was used, and secondly because the vehicles
used were models that are also used in Sweden Generally the emission levels were low and no
significant differences in NO, emissions were found. Emissions of CO and PM were
significantly reduced when the use of blended was compared with neat gasoline.

Only limited data have been found concerning evaporative emissions. However, in some relevant
investigations it has been noticed that emissions via permeation have increased when using
ethanol blended gasoline. This has been especially significant in the USA after the strengthening
of the evaporative emission regulations, since new measures had to be introduced to comply with
the standards. One of these measures was to shift to the use of steel tanks for the fuel and another
was to use new and more reliable tubes in the fuel lines.

In a paper from the Transportation Office of Energy Efficiency in Canada it is said that blending
10 % ethanol in gasoline (E10) will resuit in the energy content of the fuel being 3 % lower than
the energy content of the base gasoline used for blending. Since this decrease in energy content
will be partly compensated by “improved combustion efficiency” of the ethanol blended fuel the
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overall increase in fuel consumption when using E10 will be only 2 %. In comparison,
increasing the speed of the vehicle from 100 km/h to 120 km/h increases fuel consumption by 20
%.

In the present report it has been emphasised that the method used for measuring hydrocarbons
(HC in the exhaust from motor vehicles using an alcohol blended fuel are not satisfactory from
a legal perspective since the emissions of unburned alcohol are included in the readings of the
instrument (FID). Therefore there is an urgent need to develop an analytical method that can
determine HC emissions which are not affected by other “non HC" compounds present in the
exhaust.

For regulated emissions the recommendation is that a broader more detailed study of the
emissions, especially in low temperature conditions should be carried ont, and tests including
evaporative emissions at low temperatures. The resulting figures could probably be used io
evaluate the environmenial and health effects of using ethanol blends.

11.3. Unregulated Emissions

There is a need jor updated emission factors of unregulated exhaust emissions. The components
exaimined should include the chemical compounds and compound classes listed in the present

report.

The emissions of aldehydes (especially acetaldehyde and, to a lesser degree, formaldehyde) and
alcohols from vehicies running on alcohol/gasoline blends are expected to increase. There is no
standard validated method for determining aldehyde and alcohol emissions from motor vehicies,
so (an) appropriate method(s) must be developed (see also the conclusion and recommendation
about HC emissions discussed above).

Due to the gasoline dilution effect of adding cthanol the emissions of benzene, toluene, ethyl
benzene and xylene from blends are lower than those from neat gasoline, which is beneficial
from environmental and health perspectives.

From the literature it is not clear whether there is risk that emissions of quinones from gasoline-
fuelled vehicles will increase as the ethanol content increases in a gasolinefethanol blend. Thus,
it is recommended that a pilot investigation should be initiated o investigaie if quinone
emissions are related io the ethanol content of ethanol-gasoline blends.

There is clear, general interest from a health perspective in particle emissions from vehicles in
the literature examined. If is recommended that particles emitted from vehicles fuelled with
ethanol’gasoline  blends  should be  thoroughly characterised  chemically, and  this
characterisation should include measurements of their sizes and numbers.

11.4. Performance and Wear

During the study of the literature no evidence of serious engine wear and/or other material
problems were found when a blend of 10 % ethanol in gasoline had been used. It has also been
noted that this level of ethanol in gasoline has been used in the USA since the end of the 1970s.
A blend of 10 % ethanol in gasoline has long been allowed in the USA by the car manufacturers
without any serious restrictions on the warranties of their vehicles. Therefore, substantial
experience of the use of ethanol blended gasoline has been collected over a long time. However,
the limit for the ethanol content in gasoline has been set to 10 % under the warranty conditions,
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Extensive tests and studies carried out in Australia have found that using an ethanol-gasoline
blend with 20 % ethanol increased the wear and other damage to the fuel system of the vehicles,
especially at high accumulated mileages. It has not been possible to verify whether this is linked
to the fact that the sulphur content of gasoline in Ausiralia is relatively high, since this
possibility was not considered in the reports from Australia. In Sweden the sulphur content in
gasoline has been reduced to a maximum of 10 ppm. A high level of sulphur in the ethanol
blended fuel may affect the engine fuel system since there is a small amount of acetic acid in
neat ethanol (a maximum of 0.0025 % by weight, according to AMSE 1114).

fit the light of the findings concerning the engine wear and other observed problems associated
with the use of 20 % ethanol in gasoline the Australian government has decided to limit the
amount of ethanol in gasoline to 10 %, Representatives of the oil industry and car owners also
favoured the 10 % himit,

In contrast to the experiences in Australia, a study conducted in Minnesota (USA), in which two
blends of ethanol in gasoline {one with 10 % and the other with 30 % ethanol) were examined,
found that the ethanol caused no serious wear problems. The project included both laboratory
tests and field trials. Unfortunately, however, no emission data are available from these tests.

In the 1970s and 1980s a quite extensive program was carried out in Sweden to study the effects
of using alcohol blends in gasoline in motor vehicles. No such program has been established io
collect experience and data regarding the use of ethanol blended gasoline since then. Therefore
very few Swedish data are available.

11.5. Life Cycle Analysis

A number of LOCAs have been carried out worldwide on the use of bio ethanol, but they are more
or less based on country-specific framework conditions with respect to the production,
distribution and use of alternative fuels. Furthermore, most of them focus solely on the emissions
of greenhouse gases.

Tt can be concluded from the literature survey that LCA data with relevant framework conditions
for the use of bio ethanol and bio ethanol mixed gasoline in a Swedish/European perspective are
limited or facking.

4 new LCA based on Swedish framework conditions should focus on ethanol-gasoline blends
with alcohol conients ranging from 3 to 20 %. Furthermore, as well as greenhouse gases
(earbon dioxide, methane and witrous oxide), regulated and other unregulated emissions should
be included in it. The impact on the environmeni and health, of the produciion, distribuiion and
use of the blends should be considered. Such an LCA could be structured in a similar way to the
LCA published by Mata et al. (2003}, but using specific Swedish framework condifions.
Furthermore, both RV P-adjusted and non RVP-adjusted gasoline should be included.



Page 20

12. REFERENCES

Aakko P. and Nylund N-O. Particle Emissions at Moderate and Cold Temperatures Using
Different Fuels. SAE Technical Paper Series SAE 2003-01-3285, Special publication SP-1809,
Warrendale US, (1977).

AAM/ATAM (1999)Automotive/Petroleum Industry Sulfur/Oxygen Test Program Test Program
Elements. hitp://www arb ca gov/fuels/gasoline/carfg3/Migs/4-27-99/testprog.doc

Abel-Rahman A. and Osman M. Experimental Investigation on Varying the Compression Ratio
of SI Engine Working under different Fthanol-Gasoline Fuel Blends. International Journal of
Energy Research, Vol. 21, 31-40, (1597).

Acharya, GK_, Malhotra, N.R., Raje, N.R. and Bratnagar, A K. Indian experiences with the use
of Fthanol Gasoline and Ethano! Diesel Blends ISAF XIV International Symposium on
Aclcohol fuels: “The Rule of Alcohol Fuels in Meeting the Energy, Environmental and
Economic Needs of the 21st Century”, {2002).

Alsberg T., Stenberg U, Westerholm R., Strandell M., Rannug U, Sundvall" A., Romert L,
Bernsson V., Petterson B, Tofigard R, Franzen B. Jansson M., Gustafsson J-A. Egebick K-E.
and Tejle G. {1985) Chemical and biological characterization of organic material from gasoline
exhaust particles. Environmental Science & Technology, Vol. 19, 43-50, (1985).

Almén §., Ludykar D. and Westerholm R. Unregulated Emission Factors for Light Duty Vehicles
at Different Driving Patterns and Temperatures. AB Svensk Bilprovning, Motortestcenter,
Rapport MTC, Haninge {(1997).

American Lung Association of Minnesota. Twin Cities Gasoline Survey and Comparison ~
Summer 2003. American Lung Association of Minnesota B Clean Air Fuels Education Alliance
EXECUTIVE SUMMARY {(2003).

hitp://www cleanairchoice.org/outdoor/pdf/ExeSum_Summer 2003 pdf.

Andress, D. (2000} Air Quality and GHG Emissions Associated With Using Ethanol in Gasoline
Blends. Prepared by: David Andress & Associates, Inc.Prepared for:Oak Ridge National
Laboratory / UT-Battelle, Inc. and Office of Fuels Development Office of Transportation
Technologies Energy Efficiency and Renewable Energy U.S. Department of Energy. Subcontract
11X-SY838, Under Contract DE-ACO05-960R22464.  http//egov.oregon govi/energy
renew/Biomass/docs/FORUM/Andress2000.pdf

Apace Research Ltd. Intensive Field Trial of Ethanol/Petrol Blend in Vehicles, Volume 2,
Appendices A-1Prepared by Apace Research Lid, (1998},

Armstrong S. Ethanol. Brief Report on its Use in Gasoline. Cambridge Environmental Inc. 58
Charles 8t. Cambridge, MA 02141 US, (1999).

Augin, K. and Graham, L. The Evaluation of Ethanol - Gasoline Blends on Vehicle Exhaust and
Evapoorative Emissions, Phase 1 Updated 10/25/02. ERMD Report # 00-64. Environmental
Technology Centre, Emissions Research and Measurement Division, Environment Canada,
(2004},



Page 91

Aulich T. and Allen L. Twin Cities Gascline Survey and Comparison-Summer 2002, Final
Report Prepared for: The Clean Air Fuels Education Alliance. Submitted to: Tim R. Gerlach |
The American Lung Association of Minnesota. Energy & Environmental, Research Center,
University of North Dakota, (2002).hiip://www.cleanairchoice.org/outdoor/pdi/gas%20survey-
summer02.pdf

Australia Automobile Association, AAA, Response to the Environment Australia issues paper.
Setting the Ethanol Limit in Gasoline, (2002).
http://www aaa.asn.au/submis/2002/Ethanol_March02 pdf

Australian Automobile Association Landmark, Determination on Ethanol in Gasoline, {2002a).
hitp://www.aaa.asn.au/press/2002/22-08 htm

Australian Consumers Association. Ethanol in gasoline — should you care?, (2003),

Australian Government, Department of the Environment and Heritage. Setting the Ethanol Limit

in Petrol, (2002).
hitp://www.deh gov.auw/atmosphere/ethanol/publications/ethanollimit/background html

Australian Government. A Literature Review Based Assessment on the Impacts of a 10% and
20% FEthanol Gasoline fuel Blend on Non-Automotive Engines, (2002).

Beer T, Grant T, Brown R, Edwards 1, Nelson P, Watson H. and Williams D. Comparison of
Transport fuels, Australian Greenhouse Office, The University of Melborne, (2002).

Beijing World Fue! Ethanol Congress, (2001). hetpi//fuelethanolcongress.com/program/

Beijing Time China Pushes Use of Ethanol as Fuel, (2002).
http//english people com cn/200206/17/eng20020617_98009 shim!

Beijing Time. China Promotes Ethanol-Based Fuel in Five Cities: Zhengzhou, Luoyang and
Nanyang in central China's Henan province, and Harbin and Zhaodong in Heilongjiang province,
northeast China, (2002a). http-//english people com.cn/200206/17/eng20020617_98009 shiml.

Bhanot, B., Chaudhari, M. Altemative Fuels: Driving India’s Future, (2003}
http://www araiindia.com/html/ContactUs jsp or hitp://aic.mira.co.uk/ejournals/abnsample.pdf

Blinge M. Jamforande analys av producerade rapporter kring livscykelanalyser av drivmedel,
Chaimers University of Technology, Rapport for Alternativbransleutredningen, (1990).

Blinge M., Amis P-O., Bickstrom S.. Fumnander A.och Hoveltus K. Livscykel Analys av
Drivmedel, Chalmers University of Technology. Rapport for Alternativbransleutredningen,
(1997).

Bonnema G., Guse G.. Senecal N., Gupta R.. Jones B. and Ready K. Use of Mid-range
Tthanol/Gasoline Blends in Unmodified Passenger Cars and Light Duty Trucks. MnCAR/MSU
106 Minnesota Center for Automotive Research, Minnesota State University, (2004).

Boswell R. The need for an ethano! industry in Australia, (2004).

Bostrom C-E., Gerde P, Hanberg A., Jemstrom B., Johansson C., Kyrklund T., Rannug A,
Tornqvist M., Westerholm R. and Victorin K. (2001) Cancer risk assessment, indicators and



Pagc 92

guidelines for polycyclic aromatic hydrocarbons (PAH) in the ambient air. Environmental Health
& Perspectives, Vol. 110, Supplement 3, pp 451 488, (2002)

-~

BP. BP to commence ethanol sales in  selected regional markets, (2003).
http://www.indcor.com.au/Newspaper/031203%20BP%20Article. pdf

BP. Australia BP to dump ethancl blend, {(2003a}.
http:/fwww dstc.edu.aw/ListArchive/eclectika/archive/2003/02/msg001 56 htmi

Camner P., Cothgreave L, Ewetz L., Gustavsson P., Hansson H.-C., Kyrklund T., Ljungquist S,
Pershagen G., Victorin K. and Westerholm R. Particles in the ambient air as a risk factor for lung
cancer. Swedish Environmental Protection Agency (SEPA) Report 4804, Stockholm, Sweden,
(1997}

Canadian Renewable Fuel Association, (2004). [hitp.//www greenfuels org/ethaterm.html}.
CARRB, California Air Resources Board, California Environmental Protection Agency, (1989).

CARB, California Air Resources Board, California Environmental Protection Agency, Cleaner
buming gasoline: An assessment of its impact on ozone air quality in California, January,
(1998).

Prakash C. Use of Higher than 10 volume percent Ethanel/Gascline Blends in Gasoline Powered
Vehicles. Prepared by Motor Vehicle Emissions & Fuels Consultant forTransportation Systems
RBranch Air Pollution Prevention Directorate, Environment Canada, {1998}

Chevron. Motor Gasolines Technical Review, (2002-2005).
hitp:fwvww chevron.com/prodserv/fuel sthulletin/motorgas/

Chevron. Motor Gasolines Technical Review, (2002-2005). 4 - Oxygenated Gasoline Methanol.
{2002-2005a). http:/fwww.chevron.com/prodsery/fuets/bulletin/motorgas/4_oxygenated-
gasoline/pg2 asp.

Chevron. Gasoline and Drniving Performance, (2002).
hitp://www chevron.com/prodserv/fuels/bulletin/motorgas/ 19 5Fdriving%2Dperformance/pg?2 asp

Chevron. Chevron Gasoline Questions and Answers - Oxygenated Gasoline, (2004).
hitn:/fwww chevron.som/prodserv/tuels/gas canda/oxveen shiml

China Daily. Liaoning vehicles to switch to ethanol gas in October, (2004).

Cheung, A., Flanders, K. and Walker, P. Ethanol-Blended Fuel policies: When will the cheap
tricks end? (2003}

Colorado Department of Public Health and Environment. The Impact of a 10% Ethano! Blended
Fuel on the Exhaust Emissions of Tier 0 and 1 Light Duty Gasoline Vehicles at 35°F, (1999).

Cho A., Di Stefano E. You Y. Rodrquez C., Schmitzz D, Kumagat Y., Migel A, Eiguren-
Fernandez A., Kobayashi T, Avol E. and Froines J. Determination of Four Quinones in Diesel
Exhaust Particles, SRM 164%a, and Atmospheric PM2 5 Aerosol Science & Technology. Vol.
38, 68-81, (2004},



Page 93

Cotén M., Pleil T, Hartlage T., Guardani M. and Martins M. Survey of volatile organic
compounds assoctated with automotive emissions in the urban airshed of Sao Paulo, Brazil
Atmospheric Environment, Vol. 35, 4017-4031, (2001).

CONCAWE, EUCAR and the EU-Commissions/Joint Research Center, Well-to-Wheel Analysis
of Future Automotive Fuels and Power Trains in the European Context, (2004).

CONSULADO GERAL DA INDIA. PROALCOOL BRAZILIAN FUEL ETHANOL
PROGRAM, (2005).

Deeb R, Sharp J., Stocking A, McDonalds S., West K., Laugier M., Alvarez J. Kavanaugh M.
and Alvarez-Cohen L. Impact of Ethanol on Benzene Plume Lenghts: Microbial and Modeling
Studies. Journal of Environmental Engineering, Vel 128, No. 9, 868~ 875, (2002).

Department of Energy, Alternatives to Traditional Transportation Fuels, (1 998).

Department of Energy, DOE, Properties of Alcohol Transportation Fuels. Prepared by Meridian
Corporation for US Department of Energy, 1991 http://www hawaii.gov/dbedt/ert/afrw.htmi

Department of the Environment and Heritage. Fuel Quality Standards Act 2060. Clean Fuels
Bulletin, Australian Government Department of the Environment and Heritage December
(2003). http://www.deh gov.av/atmosphere/cleaner-fuels/publications/pubs/december-2003 pdf

Department of the Environment and Heritage. Labelling Requirements from March 2004. Fuel
Quality Standards Act 2000, (2004a). Department of the Environment and Heritage
hitp://www.deh gov.au/atmosphere/ethanol/pubs/labelling pdf.

Department of the Environment and Heritage. Fuel Qualify Standards Act 2000, Clean Fuels
Bulletin, Amendments to the Fuel Quality Standards Act 2000 Fuel Quality Standards. (2004)
http://www deh gov.aw/atmosphere/cleaner-fuels/publications/pubs/decemb er-2004 pdf

Dietz W. Response Factors for Gas Chromatograpic Analysis. Journal of Gas Chromatograpy,
Vol. 5, 68-71, (1967}

Egebick, K -E, Bertilsson B.-M. Chemical and Biological Characterizon of Exhaust Emissions
from Vehicles Fueled with Gasoline, LPG and Diesel, SNV PM 1635, ISBN 91-7590-115-3,
(1983).

Egebick K.-E., Tejle, G. and Laveskog, A. Investigation of regulated and non gegulated
emissions when using different fuel/engine combinations. (in Swedish: Undersokning av
reglerade och icke reglerade fororeningar vid olika bransle/motorkombinationer och olika
temperaturer.). The Swedish Environmental Protection Board. (Naturvardsverket) Report, SNV
PM 1812, (1984}

EIA (2002) Potential Supply Impacts of Removal of 1-Pound RVP Waiver. US Energy
Information Administration section.
http:/iwww eia.doe gov/otaf/servicerpt/fuel/pdf/question7.pdf

Embassy of Brazil. The Brazilian National Programme of Fuel Alcohol (PROALCOOL), (2002).
http://brazilembassyinindia.com/proalcool htm.



Page 94

Environment Australia. Setting the Ethanol Limit in Petrol. An Issues Paper, {2002}
http://www.deh. gov.au/atmosphere/ethanol/publications/ethanol-limit/pubs/ethanoljan02. pdf.

Environment Australia. A Literature Review Based Assessment on the Impacts of a 20% Ethancl
Gasoline Fuel Blend on the Australian Vehicle Fleet, (2002a).

Environment Canada. Effect of Ethano!l on Fuel Properties, (2003).
hitp:www.ec.pc.ca/transport/publications/ethgas/ethaasd him

FEthanol Curriculum Online TEFL Module 3 (20053, Module 5, Ethanol: The Fuel.
hitp://www.nwice.com/pages/continuing/business/ethanol/Modules htm

Ethanol Industry in Thailand. Outlook of Raw Matenals for Ethanol Industry in Thailand,
(2004).

Federal Government Federal government Set 10 Per Cent FEthanol Limit, (2003).
http://www.deh gov.au/minister/env/2003/mr11apr03 html.

Federal Government. Fuel Quality Standards Amendment Bill 2003, Bills Digest No. 30 2003—
04, (2003a). http://www.aph.gov.aw/library/pubs/bd/2003-04/04bd030.pdf. [04bd030]

The French Authority for Environment and Energy, ADEME, Ecobilan, Pricewaterhouse
Coopers and DIREM, Energy and greenhouse gas balances of bio fuels production chains in
France, (2002).

Furey, R. and King J. Evaporative and Exhaust Emissions from Cars Fueled with Gasoline
Containing Ethanol or Methyl tert-Bviyl Ether. General Motors Research Laboratonies. SAE
paper 800261, February, (1980).

Furey R. Volatility Characteristics of Gasoline-Alcohol and Gasoline-Fuel Blends. General
Motors Research Laboratories. SAE paper 852116, (1985},

Furey R and Perry K. Vapour Pressures of Mixtures of Gasolines and Gasoline-Alcohol Blends.
General Motors Research Laboratories SAE paper 8361557, (1986)

Furey R and Perry K. Volatility Characteristics of Blends of Gasoline with Ethyl Tertiary-Bytyl
Ether (ETBE). General Motors Research Laboratories. SAE paper 901114, (1990)._
Ford Motor Company (2003). 2003 Taurus Flexible Fuel Vehicle

Furey R. and Jackson M. Exhaust and Evaporative Emissions from a Brazilian Chevrolet fuelled
with Etanol-Gasoline Blends. SAE Technical Paper Series SAE 779008, Warrendale US, (1977).

Gaffney, Jeffrey S.; Marley, Nancy A | Martin, Randal S.; Dixon, Roy W.; Reyes, Luis G.; Popp,
Carl J. Potential Air Quality Effects of Using Ethanol-Gasoline Fuel Blends: A Field Smudy
Atbuquerque, New Mexico.  Eavironmental Science and Technology, Vol 31, 3053-3061
(1997).

General Motors, Argone National Laboratory, BP, ExxonMobil, Shell and TotalFinal EIf. Well
to Wheel Energy use and Greenhouse Gas Emissions of Advanced Fuel/vehicle systems. {2002).



Page 95

Grosjean D., Grosjean E. and Moreira L. Speciated Ambient Carbonyis in Ric de Janeiro, Brazil,
Environmental Science and Technology, Vol. 36, 1389-1395, (2002).

Hamilton B. Gasoline FAQ - Part 2 of 4, (2004). hutp://www.fags.org/fags/autos/gasoline-
faq/part2/

Hammel-Smith C., Fang J, Powders M. and Aabakken J. Issues Associated with the Use of
Higher Ethanol Blends (E17-E24). National Renewable Energy, (2002).
http://www.nrel.gov/docs/fy030sti/32206.pdf.

Harly R. and Coulter-Burke S. Relating Liquid Fuel and Headspace Vapour Composition for
California Reformulated Gasoling Samples Containing Ethanol. Environmental Science and
Technology, Vol 34, 4088-4094, (2000).

Hart Downstream Energy Services. Setting a Quality Standard for Fuel Ethanol. Report
Presented to: Department of the Environment and Heritage Submitted by:International Fuel
Quatity Center, Hart Downstream Energy Services, (2004).

http/Awww _deh gov.av/atmosphere/ethanol/publications/pubs/ifqc-report. pdf.

Hellens, J. Fuel Regulations in Australia. BP Australia, (2002}
http://www aip,com.au/pdfifuel_%20regs.pdf

He B., Wang J, Hao J, Yan X and Xiac J. A Study on Emissions Charactenistics of an EF1
Engine with Ethanol Blended Gascline Fuels. Atmospheric Environment, Vol. 37, 949-957,
(2003).

Heinrch U., Fuhst R., Dasenbrock C., Muhle H,, Koch W. and Mohr U. Long term inhalation
exposure of rats and mice to diesel exhaust, carbon black and titanium dioxide. In Proceedings of
the 5th International Inhalation Symposium on Toxic and Carcinogenic Effects of Solid Particles
in the Respiratory Tract, March 1993, Hannover, Germany, (1993).

Heinrich U., Fahst R, Rittinghausen S, Creutzenberg O., Bellmann B, Koch W. and Leven K.
Chronic Inhalation Exposure of Wistar Rats and two Different Swrains of Mice to Diesel Engine
Fixhaust, Carbon Black and Titanium dioxide. Inhalation Toxicology 7, 533-556, (1995).

Hsieh W., Chen R, Wu T. and Lin T. Engine Performance and Poliutant Emission of a SI
Engine using Ethanol Gasoline Blended Fuels. Atmospheric Environment, Vol. 36, 403-410,
(2002).

TARC. International Agency for Research on Cancer. Monographs on the evaluation of
carcinogenic risks of chemicals to humans: Polynuclear Aromatic Compounds, part 1, Chemical,
environmental and experimental data, Volume 32, Lyon, France, (1983}

IARC. International Agency for Research on Cancer. Monographs on the evaluation of
carcinogenic risks of chemicals to humans: Diesel and gasoline engine exhausts and some Nitro-
PAH, Volume 46, Lyon, France, (1989).

Industridepartementet (1986). Alcohols as Motorfuels (in Swedish). SOU 1986:51, (1986).

Isaias de Carvalbo M., Leal M. and da Silva J. Assessment of greenhouse gas emissions in the
production and use of ethanol in Brazil, Government of the state of Sao Paulo, (2004)



Page 96

Johnsson A. and Bertilsson B-M. Formation of Methyl Nitrite in Engines Fueled with
Gasoline/Methanol and Methanol/Diesel. Environmental Science & Technology, Vol. 16, 106-
110, (1982).

Joseph, H. Junior “Vehicular Ethancl Fuel”. Technical & Exhaust Emission Expenence in
Brazil. Brazilian Automobile Manufacturers Association, (1998).

Koroteny D. A Comparison Between Refulmulated Gasoline and low RVP Gasoline as
Alternative Strategies for Meeting NAAQ Standards for Troposperic Ozone. Memorandum:
March 22 1996, US Environmental Protection Agency , Air and Radiation Office of
Transportation and Air Quality, Fuels Studies and Standards Group, (1996).

Kyrklund T. Swedish Environmental Protection Agency. Personal communication, (2004).

Kemp 1. Fuel Quality Information Standard (Ethanol) Determination 2003, 2003122302, {2003).
http://scaleplus law.gov.av/html/instruments/0/33/pdf/2003 122302 .pdf

KFB. Low Contents of Alcohols in Gasoline. (In Swedish: Inblandning av laga halter av
alcoholer i bensin). Report for The Swedish Transport and Communications Research Board
(KFB). Swedish version KFB-Meddelande 1999:4, (1999).

Krause K and Korotney D. Water Phase Separation in Oxygenated Gasoline. Corrected version
of Kevin Krause memo. (1995). http:/fwww.epa gov/otag/regs/fuels/rfg/waterphs. pdf

Lagen om motorfordons avgasrening och motorbranslen, 2001:1080, (2001).

Launder K. From Promise to Purpose: Opportunities and Constraints for Ethanol Based
Transportation Fuels- A Plan B Research Report, Submitted to Michigan State University In
partial fulfilment of the requirements for the degree of Masters of Science, Depattment of
Resource Development, (2001).

Laveskog, A. and Egebick, K.-E. Addition of Small Amounts of Alcohol to Gasoline, Report in
English prepared for MTC (Motortestcenter, Sweden, (1999).

Lonneman W. Comparison of hydrocarbon composition in Los Angeles for the year 1968 and
1697 Preceedings of the EPA/AWMA Symposium on Measurement of Toxic and Related Air
Pollutants, Carry, NC Air & Waste Management Association, Sewickley, PA, 356-365, (1998}

Lovanh N, Hunt C. Alvarez P. Effect of ethanol on BTEX biodegradation kinetics: aerobic
continuous culture experiments.  Water Research 36(15), 3739-3746, (2002).

Iu-Karlsson H. Characterisation of the Evaporative Emissions from E85, E10, Gaoline and
Reference Gasoline Fuels, MTC report, (1999).

Malhotra, R. Development of Alternative Fuels in India. Presentation at a Regional Workshop on
Fuel Quality and Alternate Fuels 2-4 May 2001, New Delhi, India. Organised by Asian
Development Bank, (2002).

http://www adb.org/Documents/Events/2001/RETAS937/New_Delhi/documents/nd_23_malhotr
a.pdf

McLean® H. and Lave” L. Evaluating Automobile fuel/Propulsion System Technologies.
*Department of Civil Engineering, University of Toronto, ®Graduate School of Industrial



Page 97

Administration, Carnegie Mellon University, (2002},
http://engineering dartmouth.edu/~cushman/courses/engs 1 71/Eval AutoF uel pdf

McArragher J. Minimum RVP Limits in CEN Gasoline Specification. Shell International, UK,
20/6, (1996).

Market Barders (2004). Testing Gasoline Containing 20% FEthanol (E20) - Phase 2B Final
Report: Market Barriers to the Uptake of Bio fuels Study. Department of the Environment and
Heritage

Mata T., Smith R, Young D. and Costa C. Life Cycle Assessment of Gasoline Blending
Options, University of Porto, Portugal, (2003).

Ministery for the Environment and Heritage. Federal Government to Set 10 Per Cent Ethanol
Limit. {2003:2004). htip://www.deh.gov.au/minister/env/2003/mr1 lapr03 html.

Minister for the Environment and Heritage Fuel Quality Standards Act 2000 labelling
requirements from 1 March 2004, (2004)
http://www.deh. gov.au/atmosphere/ethanol/publications/labelling. himl

Mishra S. India Ethanot Coalition Joining hands for the future fuel, (2002).
http://www.cleantechindia.com/eicnew/India htm

Nan L., Best G, Coelho de Carvalho Neto C. Integrated energy systems in China - The cold
Northeastern region experience. Food and Agriculture Organization of the United Nations,
Rome, (1994). http:/fwww fao.org/docrep/T4470E/T44 70100 htm.

National Research Council. Dicsel Cars Benefits, Risk and Public Policy. National Academy
Press: Washington DC, (1982).

Natural Heritage Trust. Setting National Fuel Quality Standards, Proposed Standards for Fuel
Parameters {Gasoline and Diesel) Revised Commonwealth Position, (2000).
http://www deh gov. au/atmosphere/cleaner-fuels/publications/pubs/fuel0900. pdf

National Ethanol Vehicle Coalition. Why do ethanol vehicles require a certain type of motor 01]7
Does this refer to dedicated ethano! vehicles only? (2004).
http://www.e85fuel.com/fags/motoroil htm

NISSAN. Nissan and Gasohol (E10), (2004). hitp://www.nissan-th.com/www_eng/mews1.asp

Nitsche M. Respiratory Health Effects of nitrogen dioxide Exposure and Current Guidelines.
International Journai of Environmental Health Research, Vol. 9, 39 — 53, (1999).

NREL. Keeping the Heat on Cold-Start Emissions NREL's Insulated Catalytic Converter Slashes
Automotive Ajr Pollution. Technology Brief, (1596).
http://www.nrel. gov/vehiclesandfuels/energystorage/pdfs/techbr.pdf

NREL. Issues Associated with the Use of Higher Ethanol Blends (E17-E24), (2002).

NREL/TP-510-32206. Contract No. DE-AC36-99-GO10337.
http://www nrel gov/does/fy030sti/32206 pdf.



Page 98

NREL. Do You Own a Flexible-Fuel Vehicle? NREL/FS-540-33058, (2003},
http:/Awww . nrel. gov/does/fy03osti/33058 pdf

NRMA. Keep Strict Limit on Ethanol: Ethanol levels in gasoline must not exceed 10 per cent
until research proves there is no negative effect on engines or driving quality, the National Roads
and Motorists' Association Limited said today, (2002}
http://www.mynrma.com.au/releases2002_021011 l.asp

NRMA. NRMA to Federal Government: Act Now on Ethanol. The Chief Executive of NRMA
Motoring & Services, Mr Rob Carter, said he was angered tonight by Federal Cabinet's refusal to
control ethanol levels in petrol, the central issue threatening cars belonging to NRMA's two
million members in NSW, (2002a}). http.//www mynrma.com.au/releases2002 021218 1.asp

NRMA. Understanding Ethanol, (2003). http//www mynrma.com.gu/files/ /ethanol . pdf

Nynis, OK and SDAB. Distribution of Blend Fuels. Final report on trials with distribution and
storage of methanol-blended leadfree gasoline, (1983}

Oak Ridge National Laboratory. Fuel Specifications and Fuel Properties issues and Their
Potental Impact on the Use of Ethanol as a Transportation Fuel. Phase 111 Project Deliverable
Report Ethanol Project, (2062). http://biodieset.pl/uploads/media/FUEL SPECIFICATIONS
AND FUEL PROPERTY ISSUES AND THEIR POTENTIAL IMPACT ON THE USE OF
ETHANOL AS A TRANSPORTATION FUEL pdf

Office of Legislative Drafting. Attorney-General's Department Fuel Quality Standards Act 2000
Act No. 153 of 2000 as amended. This compilation was prepared taking into account
amendments up to Act No. 42 of 2004, (2004).

http//scaleplus law. gov au/html/pasteact/3/3418/pdf/FuelQuality Stand 2000 pdf

Office of Oif and Gas of the Energy Information (2002). Supply Impacts of an MTBE Ban
http://www eia.doe gov/oiat/servicerpt/fuel/pdf/question].pdf

Orbital Engine Company. A Literature Review Based Assessment on the Impacts of a 20%
Ethanol Gasoline Fuel Blend on the Australian Vehicle Fieet. Report to Environment Australia,
November, (2002},

Orbital Engine Company. Market Bariers to the Uptake of Bio fuels Study. A Testing Based
Assessment to Determine [mpacts of a 20%- Ethanol Gasoline Fuel Blend on the Australian
Passenger Vehicle Fleet Report to  Environment Australia March 2003, (2003)
hitp:/Awww.deh.gov.aw/atmosphere/ethanol/publications/2000hours-vehicle-fleet/pubs/2000-
hours-vehicles, pdf.

Orbital Engine Company. Market Barriers to the Uptake of Bio fuels Study Testing Gascline
Containing 20% Ethanol (E20) Phase 2B Final Report to the Department of the Environment
and Heritage, (2004). hitn./fwwew deh gov. av/atmosphere/ethanol/publications/biofuels-
2004/pubs/phase2b-final-report.pdf

Patyk A. and Reinhardt G. Life Cvcle Analysis of Bio Fuels for Transportation Used in Fuel
Cells and Conventional Technologies under European Condition, lnstitute fiir Energie und
Umwelts Forschung, Heidetberg, Germany, (2002).



Page 99

People's Daily. Online Liaoning adopts ethanol gasoline, (2004).
http://english people.com.cn/200411/02/eng20041102_162456 html.

Pott F. Dieselmotorabgas - Tierexperimentelle Ergebnisse zur Risikoabschatzung. Ver. Disch.
Tng. Ber. No. 888: 211-224, (1991).

Pott, F. and Heinrich, U. Relative Significance of Different Hydrocarbons for the Carcinogenic
Potency of Emissions from Various Incomplete Combustion Processes. IARC Sci. Publ. 104
288-297, Lyon, France, (1990).

Powers S., Alvarez P. and Rice D. Increased Use of Ethanol in Gasoline and Potential Ground
Water Impacts. Chapter 1, UCRL-AR-145380, (2001).

Prakash, C (1998) Use of Higher than 10 volume percent Ethanol/Gasoline Blends In Gasoline
Powered Vehicles, Motor Vehicle Emissions & Fuels Consultant, prepared for Transportation
Systems Branch Air Pollution Prevention Directorate Environment Canada.

Reading A., Norris, J, Feest A. and Payne E. Ethanol Emissions Testing, B&E/DDSE/02/021
Issue 3, AEAT Unclassified, (2002).
http:/’fww_dft.gov.uk/steiiemfgmups/dﬁmroads/dOCumems/page/dft_roadsmf)?;2580.pdf

Renewable Fuels Association. Thailand Endorses Ethanol to Reduce Qil Use, Help Farmers,
(2001). hitp://www.ethanolrfa.org/ereports/er1 12001 html

Renewable Fuels Association. Fuel Ethanol Industry Guidelines Specifications, and Procedures.
REA Publication # 960501 Revised May 2002, (2002). htip://www pei.org/TRD/rfa_pub pdf

Rodhe H., Department of Meteorology, Stockholm University, Sweden, personal
communication, {2005).

Schifter 1., Vera M., Diaz L., Guzman E., Ramos F. and Lopez-Salinas E. Environmental
Implications on the Oxygenation of Gasoline with Ethanol in the Metropolitan Area of Mexico
City. Environmental Science & Technology, Vol. 35, 1893-1901, (2001).

Schuetzle D Lee F. and Prater T The Identification of Polynuclear Aromatic Hydrocarbon
(PAH) Derivatives in Mutagenic Fractions of Diesel Particulate Extracts. International Journal of
Environmentai Analytical Chemistry, Vol 9, 93-144, (1981).

Schuetzle D., Siegl W, Jensen T., Dearth M., Kaiser E., Gorse R, Kreucher W. and Kulik E.
The relationship between Gasoline Composition and Vehicle Hydrocarbon Emissions. A Review
of Current Studies and Future Research Needs. Environmental Health & Perspectives, Vol 102,
3-12, {1994).

Science Fair Projects Encyclopedia.  Alcohol fuel, (2004). http://www all-science-fair-
projects.com/science_fair_projects encyclopedia/Alcohol_fuel

SDAB (1983). Effects of Gasoline, M15, Methanol and Ethanol on Plants, Soil and Aquatic
Organisms {in Swedish). Swedish Motor Fuel Technology Co for the National Swedis Board for
Energy Source Development. Sekab (2004). http:/fwww sekab. se/word/Etanol99. pdf

Shell Austratia. Downstream Petroleurn, (2003).
http.//www.aip com.au/pdf/Downstream_Petroleum_2003_Report pdf.



Page 100

Siwarasak P. and Wirivutthikorn, W. Experimental Research of Ethanol Fermentation from Rice
Straws and Bagasse. ISAF XIV Tnternational Symposium on Acleohol fuels: “The Rule of
Alcohol Fuels in Meeting the Energy, Environmental and Economic Needs of the 21st Century”,
(2002).

Sjodin A, Westerholm R., Almén J. and De Serves C. Emissions of regulated and non-regulated
compounds from high- and low-emiiting gasoline light-duty vehicles. Transport and Air
Pollution, 9:th Symposium Avignon, ISBN 2-85782-533-1 Vol 1. pp 135-142, (2000},

SOU, Provmetoder och emissioner vid anvindning av alternativa motorbréinslen.
Alternativbrinsieutredningen SOU 1996:184 (1997).SNV 1635. Chemical and Biological
Characterization of Exhaust Emissions from Vehicles Fueled with Gasoline, Alcohol, LPG and
Diesel. National Swedish Environment Protection Board. Report SNV 1635, (1983).

STU. Alechols and alcchol blends as motor fuels. Vol I A och Vol Il B, "State-of-the-Art”
report. Chapters 1-7 och Chapters 8-14, Prepared by The Swedish Motor Fuel Technology Co.
(SDAB), Information 640-1986. (19806).

STU {1987). Project M100 — A Test With Methanol-Fuelled Vehicles in Sweden. Prepared by
SDAB. STU information ne. 640-1987.

The Swedish National Energy Administration. Motor Alcohols in Sweden (in Swedish). Statens
Energiverk 1986:7, (19806).

Swedish Rescue Servises Agency (SRSA) Persson A Raddningsverket, Regelverk for E85, e-
mail to Mattebo R. SEKAB 17/12. {2004).

Szwarc A. A Use of Rio-Alcohol in Brazil. Presentation at “In-Session Workshop on Mitigation
SBSTA 21 / COP 10 December 9, 2004 Buenos Aires”. Szwarc is a consultant at Ministry of
Science and Technology of Brazil, (2004},

TEFL Online, Modul $ Ethanol, The Fugl, (2005).
http //www nwice com/pages/continuing/business/ethanol/Module> htm

Thanonkeo, P., Laopaiboon, L. and Laopaiboon, P. Renewable Alternativefron Sweet Sorghum.
ISAF XTIV International Symposium on Aclcohol fuets: “The Rule of Alcohol Fuels in Meeting
the Energy, Environmental and Economic Needs of the 21st Century, (2002}

The Gazette of India {2002). Ministry of Petroleum and Natural Gas Resolution New Delhi, 3RD
September, 2002 No. P-45018/28/2000-C, (2002).
http://www ethanolindia.net/ethanol _govt html

Toptech. Application: Ethanol Blending with Multi Load, {2004).
hitp//www.toptech. com/brochures/DOC-MKT-ETH0001 _EthanolBlending REV2.pdf

Transport Office of Energy Efficiency in Canada, (2004). Safety and performance
Canada: http://oee nrean.ge.ca/transportation/fuelsfethanol/safety cfm?attr=3

Torngvist M., Rannug U, Jonsson A. and Ehrenberg L. Mutagenicity of methyl nitrite in
Salmonella typhimurium. Mutation Research. Vol. 117, 47-, (1983).



Page 101

Tarngvist M. Kautiainen A, Gatz R. and Ehrenberg L. Haemoglobin adducts in animals exposed
to gasoline and diesel exhaust. 1. Alkenes. Joumnal of Applied Toxicology. Vol. 8, 159-174,
(1938).

Torngvist M., Segerbiick D. and Ehrenberg L. The "rad-equivalence approach” for assessment
and evaluation of cancer risks, exemplified by studies of ethylene oxide and ethane. In: Human
carcinogen exposure, biomonitoring and risk assessment. Edited by: R. Garner, P. Farmer, G.
Steele and A Wright. Oxford IRL Press. 141-155, (1991).

Torngvist M. and Ehrenberg L. On Cancer Risk Estimation of Urban Air. Environmental Health
& Perspectives. Vol. 102, 173-182, (1994).

Uppal, J. (2002). Indian Ethanol Program — The Road Ahead! Seminar on Opportunities &
Prospects for Use of Ethanol, India-Brazil Partnership. Winrock International India.
http:/Awww ficct. com/ficel/media-room/speeches-presentations/2002/aug/aug 1 4-ethanol-jai. him

US Commercial Service The Significance of Developing Ethanol Gasoline and the Pilot Use of
FEthanol Gasoline, American Embassy, Beijing Vol. 2 No. 137, (2003).
http//www buyusa.gov/china/en/cch030703 himl

US Department of Energy. Properties of Alcohol Transportation Fuels. Alcohol Fuels Reference
Work No. 1. Prepared for: Bio fuels Systems Division, Office of Alternative Fuels, US.
Department of Energy Prepared by Fuels and Transportation Division, Meridian Corporation,
4300 LW Street ~. Alexandria, Virginia 22302, July 1991, (1991}
http://www . hawaii gov/dbedt/ert/afrw/afrw-01 pdf

US Department of Energy. Guidebook for Handling, Storing, & Dispensing Fuel Ethanol,
(2002). http://www agriculture state.ia. us/pdfs/ethguide. pdf.

UUS EPA. Cancer Risk from Outdoor Air Toxics. Yol., Washington DC, (1990).US EPA. Clean
Fuels: An Overview, EPA 400-F-92.008 US Environment Protection Agency, Office of Mobile
Sources, {1992). hitp://www.epa.gov/otag/consumer/06-clean.pdf

1S EPA. Final Regulatory Tmpact Analysis for Reformulated Gasoline. EPA420-R-93-017,
(1993). hito://www epa.soviotag/ress/fuels/rfe/420r9301 7 pdf

US EPA (1996). Agency Correspondence Regarding RFG and Low RVP Gasoline
http://www epa.gov/otaq/regs/fuels/rig/api-tet pdf

US EPA (1999). Control of Air Pollution from New Motor Vehicles: Proposed Tier 2 Motor
Vehicle Emissions. Standards and Gasoline Sultur Control Requirements.
http:/fwww.epa.gov/otag/regs/ld-hwy/tier-2/nprm/t2phila2 pdf

IS Senate. A bill to amend the Clean Air Act to address preblems concerning methyl tertiary
butyl ether, and for other purposes. Bill Summary & Status for the 107th Congress, (2001}
htep Mthomas loc sov/icgi-bin/bdauery/z7d 107 SNOG9S G @@ D& sumin 2=0&

TUtah Petroleum Association (2004)- Gasoline — Is It All the Same?

Wang M, Saricks C. and Santini D. Effects of Fuel Ethanol Use on Fuel-Cycle Energy and
Greenhouse Gas Emissions, Argonne National Laboratory, US, (1999



Page 102

Wild D., King M., Gocke E and Eckhardt K. Study of Artificial Flavering Substances for
Mutagenicity in the Salmonella/microsome, Basc and micronucieus tests. Food and Chemical
Toxicology 21(6), 707-719, (1983).

Virginia Department of Environmental Quality (2005). Control Strategy Briefing Fredriksburg
Air Quality Committee. hitp://www deq.virginia.gov/air/documents/planning/10

World Association of Beet and Cane Growers (2001). THAILAND APPROVES PLAN TO
REDUCE TAX ON ETHANOL. hitp://www.ifap.org/wabcg/faxsheet0101. html.

WORLD-WIDE FUEL CHARTER. December 2002, (2002).
hitp:/fwww oica net/htdocs/fuel%20quality/ WWFC_Dec2002 Brochure.pdf

WORLD-WIDE FUEL DECEMBER 2002: Response 1o Comments on WORLD-WIDE FUEL
CHARTER. December (2002). hitp://www.autoalliance org/archives/wwicadden pdf

Subject: Gasoline FAQ - Part 1 of 4. (2002). http://www cs.uu.nl/wais/himl/na-
dirfautos/gasoline-fag/part] himl and Gasoline FAQ.
hitp:/fwww repairfag.org/filipg/AUTO/F_Gasoline3 html

WWFC, World Wide Fuel Charter. June 2002, FEuropean Automobile Manufacturers
Assocoation  (ACEA), Alliance of Automobile Manufacturers, Engine Manutactarers
Association (EMAY) and Japan Automobile Manufacturers Asseciation (JAMA), (2002).

Xia T., Korge P, Weiss J, Li N, Venkatesen M. and Sioutas C Quinones and Aromatic
Chemical Compounds in Particulate Matter Induce Mitochondrial Dysfunction: Implications for
Ultrafine Particle Toxicity. Environmental Health Perspectives, Vol 112, No. 14, 1347-1358,
(2004).

Young M., Saricks C. and Wu M. Fuet-Cycle Fossil Energy Use and Greenhouse Gas Emissions
of Fuel Bthanol Produced from US Midwest Corm, Argonne National Laboratory, US (1997},



Page 103

13. ABBREVIATIONS

API American Petroleumn Institute

B(ayp benzo(a)pyrene

BRON Blending Research Octane Number
BTEX benzene toluene, ethyl benzene, xylene
CARB California Air Resource Board

CH,CH,;-OH Ethanol

CO Carbon monoxide

CONCAWE The Oil Companies’ Furopean Association for Environment, Health and
Safety in Refining and Distribution

DME Dimethyl ether

DOE Department of Energy

EIA US Energy Information Administration

EFI Electronic Fuel Injection

Eth Ethanol

EU European Union

EUCAR FEuropean Council for Automotive Research and Development
Evap Evaporative

E85 15% conventional gasoline and 85% ethanol

FBP Final Boiling Point

FFVs Flexible Fuelled Vehicle

FID Flame fonization Detectar

Gas Gasoline

(GGaschol A gasoline extender made from a mixture of gasoline (90%) and ethanol (10%,

often obtained by fermenting agricultural crops or crop wastes) or gasoline
{97%) and methanol, (3%}

GM (General Motors

GwpP Global Warming Potential
HC Hydrocarbons

IBP Initial Boiling Point

IEA The International Energy Agency



THA
RC
KPa
LPG

MON
NDIR
NMOG
NOx
PAC
PAH
PAN
PULP
Pst
RFA
RFG
RON

RVP
RCGWE

SEKAB
SP1
STAB
STU
SHED
THC
TWC
ULp
US EPA
vOC
Vol %

VTIT

Internaticnal Symposium on Alcohol Fuels
EU Joint Research Centre

Kilo Pascal

Natural gas and Motorgas/Petroleum gas
Methyl Teriary Buthyl Ether

Motor Octane Number

Nondispersive Infrared

Non Methane Organic Gases

Nitrogen oxides

Polycyelic Aromatic Compounds
Polyeyclic Aromatic Hydrocarbons
Peroxy acetyl nitrate

Perth unleaded petrol

Pounds per square inch

Renewable Fuels Association
Reformulated Gasoline

Research Ociane Number

Reid Vapour Pressure

Relative Contribution to the Global Warming Effect.

Svensk Etanolkemi AB
Swedish Petroleum Institute

Swedish Motor Fuel Technology Co.

Swedish National Board for Technical Development
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Evaporative Test Chamber (Sealed Housing for Evaporative Determination)

Total Hydrocarbons

Three ‘Wa;{ Catalyst

Unleaded petrol

US Environmental Protection Agency
Volatile organic compounds

Volume percent

Technical Research Centre of Finland
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14. APPENDIX 1

14.1. Emission tests in Canada

The following five tables, Al to AS, list emission data generated during the tests carried out In
Canada and presented in section 7.2 of the main part of the report. As can be seen there is a
considerable variation in emission levels from vehicle to vehicle. It is particularly noteworthy

that the Grand Am and Silverado show higher levels of emissions than the other vehicles

Table Al. Emissions of CO when using neat gasoline and three different blends of ethanol.

Vehicle = Grand Honda Insight | Silverado Echo Civic
Am

US FTP cycle COg/km | CO g/km CO g/km CO gkm | CO g/km

0 % Ethanol 0.920 0.203 0.963 0.280 0.305

10 % Ethanol 0.808 D218 0.740 0261 0273

15 % Ethanol 0.709 0.186 0938 0.224 0.205

20 % Ethanol 0.777 0.143 0.740 (0.242 0.155

Table A2 Emissions of HC when using neat gasoline and three different blends of ethanol.

Vehicle = Grand Honda Insight | Silverado Echo Civic
Am

US FTP cycle HC g/kmm | HC g/km HC g/km HC g/km | HC z/km

0 %o Ethanol 00356 0.027 0.075 0.050 0.025

10 % Ethanol 0.068 0.027 0.068 0.050 0.021

15 % Ethanol 0.056 5024 0.087 0.049 0017

20 % Ethanol 0.060 0024 0.068 0.051 0.021

_Table A3. Emissions of NO, when using neat gasoline and three different blends of ethanol.

Vehicle = Grand Honda Insight | Silverado Echo Civic
Am

US FTP cycle NO, g/lkm | NO; g/km NO; g/km | NO, g/km | NO, g/km

0 % Ethanol 0.118 0.026 0.068 _ 0087 0.030

10 % Ethanol 0.131 0.033 0,081 0.087 0.032

15 % Ethanol 0.124 0.04¢9 0.068 0.068 0.039

20 % Ethanol 0.124 0.068 0.081 0.068 0.033

Table A4. Emissions of CQ, when using neat gasoline and three different biends of ethanol

Vehicle = Grand Honda Insight | Silverado Echo Civie
Am
US FTP cycle CO, g/km | CO; g/km O, g/km CO, g/km | CO; g/km
0 % Ethanol 2492 101.9 303.9 161.6 1796
18 % Ethanol 2443 105.0 3058 162.8 176.5
15 % Ethanol 2474 1032 307.0 162.8 176.5
20 % Ethanol 2486 1001 3070 161.0 1753
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Table A5. Fuel consumption when using neat gasoline and three different blends of ethanol.

Vehicle = Grand Honda Insight | Silverado Echo Civic
Am
US FTP cycle FC FC FC ¥C FC
1/10 km 1/10 km 1/10 km 110 km 1/10 km

0 % Ethanol 1.063 0.435 1.293 0.701 0.764
10 % Ethanol 1.077 0.463 1.346 0.720 0.783
15 % Ethanol 1.102 0.464 1.352 0.731 0.760
20 % Ethanol 1,144 0.460 1410 0,736 0.803

14.2. Emission tests in UK

The following Four tables, A6 to A9, list emission data generated during the tests carried out in
England and presented in section 7.3 of the main part of the report.

In Tables A5, A7 and A8 the emission data and fuel consumption of interest are presented; the
measurements of regulated emissions and fuel consumption in Table A6, and those of
unregulated emissions in Tables A7 and A8. As can be seen there is considerable variation in
emission levels from vehicle to vehicle. It can also be seen that some vehicles show an increase
in emissions when ethanol blended fuel is used, while others show a decrease.

Table A6, Summary of regulated emissions for all tested vehicles

Vehicle 1 Toyota (Yaris) running on base gasoline fuel.

Drive cycle CO, CO THC NOy PM Fuel
cons.
o/km g/km w/km glkm gikm o/km
Celd ECE 1659 1.904 0.307 0.150 0.0059 | 5355
Cold 110. 7 0512 0.018 0.027 0.0058 13516
EUDC
Vehicle 1 Tovota (Yaris) running on E10 fuel
Drive cycle | CO; CO THC NOy PM Fuel
Cons.
g/km g/km g/km g/km g/km g/km
Cold ECE 162 6 2,787 0323 0.108 0.0018 | 5504
Cold 1095 0.047 0016 0.035 00011 [ 3604
EUDC
Vehicle 6 Toyota (Yaris) (repeated) running on base gasoline fuel,
Drive cycle CO; CO THC NOy PM Fuel
cons,
g/km g/km g/km g/km g/km glkm
Cold ECE 161.5 328 0.402 0.207 00085 | 5199
Cold 107. 1 (.465 0.038 0.024 0.0049 | 34.03
EUDC




Vehicle | Tovota (Yaris) {repeated) running on E10 fuel.

Drive cycle O, CcO THC NOx PM Fuel
cons.
g/km g/km gllm afkm g/km g/km
Cold ECE 156.1 1.577 0,296 0.132 00084 {5226
Cold 1061 (0425 0,019 0.029 0.0034 1 35.00
EUDC
Vehicle 2 Vanxhall (Omega) ninning on base gasoline fuel.
Drive cycle | CO; CO THC NQOy PM Fuel
£Oms.
g/km g/km gkm g/km z/km g/km
Cold ECE | 386.7 1.15% 0,551 0.243 (0.0058 | 123.04
Cold 2117 0.225 0.005 0 0.0027 | 66.85
EUDC
Drive cycle | CO» CO THC NOy PM Fuel
| COnSs.
o/km g/km o/lom gikm glkm s/km
Cold ECE | 3233 (.422 0.011 006 100071 | 106.16
Cold 1819 0.187 0.005 0.004 0.0042 15970
EUDC
Vehicle 3 Fiat (Punto) ninning on base gasoling fuel.
Drive cycle | CO- CO THC NOy PM Fuel
Cons.
g'km g/km g/km gikm g/km g/km
ColdECE | 200.6 4891 447 0211 00056 (60612
Cold 1252 0,262 0.016 00411 (.0005 | 39.63
EUDC
Vehicle 3 Fiat (Punto) running on E10 fuel.
Drive cycle | CO; CO THC | NOy | PM Fuel cons.
g/km g/km | ¢/km | g/km | g/l g/km
Cold ECE 191.0 4157 0402 0217 00029 {16514
Cold 1101 01920 0011 0010 10 36.18
FUDC
Vehicle 4 Volkswagen (Gotf) running on base gasoline fusl,
Drive cyele | COy CO THC | NOx [ PM Fuel cons.
o/km g/km | g/km | p/km | g/km g/km
Cold ECE 2460 (983 0.183 0.087 0.0202 | 7824
Cold 132.2 0.059 0.004 0.006 . 0.0046 {4173
EUDC
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Vehicle 4 Volkswagen (Golf) running on E10 fuel.

Drive cycle | CO, CO THC NOy PM Fuel
cons.
gkm afkm gikem gfkm o/km g/km
Cold ECE | 2265 0.773 0.135 0.095 0.0008 17475
Cold 127.8 0.039 0.004 0.010 0.0011 | 41.89
EUDC
Vehicle 3 Rover (416) running on base gasoline fuel.
Drive cycle | CO, CO THC NOy PM Fuel
CONS.
gikm g/km glkm glkm g/km g/km
Cold ECE | 2506 8246 | G604 0.422 0.0056 | 83.68
Cold 1475 0373 0020 0255 00036 |46.70
EUDC
Vehicle 3 Rover (416) running on E10 fuel
Drive cycle | CO, O THC NOx PM Fuel
COns.
g/km g/km g/km g/km g/km g/km
Cold ECE | 2562 7.509 | 0.525 0.450 | 0.0074 | 8B.35
Cold 146.2 0.841 0.026 0302 | 0.0009 | 48.38
EUDC

Table A7. Summary of FTIR emissions measurements for vehicles 4, 5 and 6
Vehicle 6 Toyota (Yaris) (repeat)) running on base gasoline fuel.
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Drive Methane | 1.3- Formatdehyde | Acetaldehyde | Nitrous Benzene
cycle butadiene oxide

mg/km | mg/km mg/km mg/km mg/km mg/km
Cold ECE | 79.593 3.007 0.974 9.042 0.660 N/D*
Cold 13.173 0.3206 (.288 1.003 0.095 3124
EUDC
Vehicle 6 Toyota Yaris (repeat), running on E10 fuel
Drive Methane | 1,3- Formaldehyde | Acetaldehyde | Nitrous Benzene
cycle butadiene oxide

mg/km mg/lkm mg/km mg/km mg/km mg/km
Cold ECE {1 92.03] 1307 0.5G69 18.183 0 198 10.092
Cold 11.640 0.23] 0.197 0.896 0.014 1.347
EUDC
Vehicle 4 Volkswagen (Golf) running on base gasoline fuel.
Drive Methane | 1,3- Formaldehyde | Acetaldehyde Nitrous Benzene
cycle butadiene oxide

mg/km | mg/km mg/km mg/km mg/km mg/km
Cold ECE 1 13.009 1.739 0.079 1.619 0.012 N/D*
Cold 0.602 0.104 0.009 0.078 0.004 0.003

EUDC




Vehicle 4 Volkswagen (Golf) running on E10 fuel.
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Drive Methane | 1,3~ Formaldehyde | Acetaldehyde | Nitrous Benzene
_cycle butadiene oxide

mg/km | mg/km mg/km mg/km mg/km mg'km
Cold ECE | 11.977 1.120 0.074 4365 0.388 N/D*
Cold 0.655 0.076 0.031 0163 0.001 N/D*
EUDC
Vehicle 5 Rover (416) running on base gasoline fuel.
Drive Methane | 1,3- Formaldehyde | Acetaldehyde | Nitrous Benzene
cycle butadiene oxide

me/km | mg/km mg/km mg/km mg/km mg/km
Cold ECE | 69302 4011 0.220 13 846 N/D* N/D*
Cold 11.260 0.183 0.124 1.225 N/D* N/D*
EUDC
Vehicle 5 Rover (416) running on E10 fuel
Drive cycle | Methane | 1,3- Formaldehyd | Acetaldehy | Nitrous Benzene

butadiene | e de oxide
mg/km mg/km mg/km mg/km mg/lim mg/km

Cold ECE | 50.244 2334 0.107 12.660 N/D* N/D*
Cold 7.247 0.107 0.039 - 1.408 0.007 N/D*
EUDC

* No data presented.

Table A8. Summary 2 of FTIR emissions measurements for vehicles 4, 5 and 6
Vehicle 6 Toyota (Yaris, repeat) running on base gasoline fuel,

Drive cycle Benzene | Ammonia | Formaldehyde | Acetaldehyde | Total
PAHs
mg/km | mg/km mg/km mg/km pg/km
Cold 0.124 4.001 0.667 0200 43.62*
ECE+EUDC
Vehicle 6 Toyota (Yaris, repeat) running on E10 fuel
Drive cycle Benzene | Ammonia | Formaldehyde | Acetaldehyde | Total
PAHs
mg/km | mg/km mg/km mg/km pg/km
Cold 0.057 3.232 0.401 0.654 44 86
ECE+EUDC

Vehicle 4 Volkswagen (Golf) running on base gasoline fuel.

Drive cycle Benzene | Ammonia | Formaldehyde | Acetaldehyde | Total PAHs
mg/km | mg/km mg/km mg/km pg/km

Cold 0.347 4367 0.114 0.049 113.71%

ECE+EUDC




Vehicle 4 Volkswagen (Golf) running on E10 fuel
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Drive cycle Benzene | Ammonia | Formaldehyde | Acetaldehyde | Total PAHs
me/km | mg/km mg/km mg/km pe/km

Cold 0.056 2755 0.072 0178 30.22%

ECE+EURC

Vehicle 5 Rover (416) running on base gasoline fuel.

Drive cycle Benzene | Ammeonia | Formaldehyde | Acetaldehyde | Total PAHs
mg/km | mg/km mg/km mg/km ng/km

Cold 0.357 7.788 0214 (.5332 42.57*

ECE+EUDC

Vehicle 5 Rover (416) running on E10 fuel

Drive cycle Benzene | Ammeonia | Formaldehyde | Acetaldehyde | Total PAHs
mg/km | mg/km mg/km mg/km ng/km

Cold 1.818 18826 1298 1.493 66 17*

ECE+EUDC

* Average value for Cold ECE+EUDC and the following driving cycles: WSL Congested, WSL

Urban,
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15. APPENDIX 2
15.1. Evaporation Test of Two Ethanol Blended RON 95 Summer Gasolines

Separate report from AVL MTC AB.



Evaporation Test of Two
Ethanol Blended RON 95
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1 SUMMARY

The evaporative emissions from two summer gasoline fuels (with Reid Vapour Pressures,
RVPs, of 63 kPa and 70 kPa, respectively) blended with low percentages of ethanol (0%, 5%,
10% and 15%) have been measured in a VT Shed. For reference purposes E85 (85% ethanol)
was also measured in the same manner.

In the tests, a half-filled container prepared with an opening for the gaseous compounds to
pass through was placed on its side in the shed at an ambient temperature of 45 °C. Each fuel
was stabilized at 0°C at the beginning of the test and had a final temperature of about 40°C.
Total hydrocarbon (THC) emissions were monitored at appropriate intervals through the use
of a Flame Jonization Detector (FID) installed in the VT Shed and a number of components of
interest of the same test fuel were sampled throughout the tests with a mass spectrometer
(MS).

The FID data showed that evaporated THC levels ranged from 200 ppm for the unblended
gasoline with the low (63 kPa) RVP, to 340 ppm for a 10% mix of ethanol in the igh RVP
{70 kPa} gasoline.

Test results showed that the RVP rises sharply when ethanol is first added to the fuels and
peaks at ethanol contents between 5 and 10%

Butane was the main component that vaporized during the tests, as expected since the vapour
pressure of commercially supplied gasoline ts primarily adjusted to meet regulated standards
by adjusting butane levels,

The evaporation of ethanol was influenced both by its content in the tested blends and by the
consequent changes in vapour pressure (RVP), and thus showed slightly different evaporation
patterns from the other components.

The addition of ethanol also caused the evaporation of all the remaining components to
increase by approximately the same factoss as the butane

Evaporation from the blends with the high RVP (70 kPa) base gasoline was stronger than the
evaporation from the gasoline with the lower RVP (63 kPa), although there was some overlap.
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2  INTRODUCTION

To meet the requirements of the European Directive designed to promote the use of biofuels
(2003/30/EC) Sweden has to substantially increase the production or imports of renewable
fuels. Legislation has to make it easier, and in some cases possible, to market and use these
hybrid fuels.

To meet these goals in a short time steps have to be taken to ensure that the introduced fuels
are usable by the current vehicle fleet. The only plausible way to reach this goal is to increase
the amount of these fuels blended in today’s conventional fuels. Previous experience suggests
that alcohols should be added to gasoline for this purpose.,

Methanol and ethanol are the main alternative fuels that have been tested on a relatively large
scale, both as blended and pure fuels. This report focuses on the use of ethanol.

One problem related to the use of ethanol in gasoline is the increased vapour pressure caused
by the alcohol when mixed in relatively low proportions with gasoline. Blends of around 10%
are of particular concern today.

In the study reported here, the partial vapour pressures of ethanol and selected components of
gasoline were measured in tests with blends of two base gasolines {with Reid Vapour
Pressures, RVP, of 63 kPa and 70 kPa, respectively) and ethanol contents of 0%, 5%, 10%
and 15%.
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3 EXPERTMENTAL

3.1 Test Facilities

All tests were performed at AVL MTC in Haninge, Sweden, in February 2005.

The AVL MTC Motor test centre is an accredited laboratory for automotive testing and has
heen in operation for approximately 15 years, AVL MTC has experience of more than 10
years of testing for the Swedish Environmental Protection Agency and the Swedish National
Road Administration.

3.2 Testing equipment

Al tests were performed using a gas-proof test container (not the fuel container mentioned
below) in which the evaporative behaviour of whele cars is normally tested. Ttis called a VT
shed as both its volume and temperature are controlled. A standard component of this kind of
equipment is a Flame Ionization Detector (FID) for measuring the total emitted hydrocarbons.
This instrument, along with an Air Sense Mass Spectrometer, was used for the fests.

Picture 1 — VT Shed Container with Mass Sectrometer to the left

AVL MTC
Armatunviigen 1 PO, Box 223, SE-136 23 Haninge. Tel 08-300 656 00
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3.3 Fuels

The base fuels used were identical mixtures, except for their contents of the Reid Vapour
Pressure (RVP)-regulating compound butane, a larger quantity of which had been removed

from the 63 kPa RVP fuel. Adjusting the RVP in this way is a standard procedure when

commercially preparing gascline that is to be biended with ethanol, to ensure that the vapour
pressure of the final blend does not exceed specified limis.

331

Specifications

Product Code: SREAKTY

Momisation number:  BloadBSD41222. 5165
Taskdate: Zhtd Bes 22

Vanko Big%

Revisead Ianes

PREER RAFFINADERI AB
Geortifieate of Quality

Vesset { Balch;  Bhend35.041222. 5165
Bestination:

Account

Deveery Dats

Sample Numben 2004040228

Blond 55 RYP 83
Properties Rasulis Lipits Bet Tast Methods

T Appemicn # 200 BRIGHT AND CLEATS isual nspoction
Aromatc sonion 85 % VA ABTM Y 1315.95
Henzeng sontent o8 o W EN 2381008
Colour Unwbyed \iaual inspectien
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Oirtane Mumber HON 852 £H 251541993
Ciefine content — 8.0 o M ASTH D 131555
g, MIEE condent < {5 Y YRS £N 1801 1997
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Water content A% kg OAGTTM D V4402
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\Work Dy, Inguar Nilsson

Chimist iz Charge tngvar Milsson
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Table 1. Gaseline Certificate of Quality (RVP 63 kPa)
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Certificate of Quality

Proaduct Code. BNBETR Haich: BLAETG 0412 20.FAT

Nommination sumber. | BLISTR.041250.FAT Doslrsation:

Teskie: 2004 Bee 30 Account:
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Blend 95 RYP=70
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Aromagiin conten 377 % WV ASTM D 1310-85
Banzrong conten 0.8 % YN £1¢ 238115596
Lok Uyt Yisual nspection
£y strip corosion{Fh =1 50°0) 1A £ IR0 2180:1058
Dlessity 2t 150 iRl kgfmd £ 190 121856010806
st 18P 3.8 1 N 150 3A0AIT608
Eiist. 10% Evap. 1.3 3 FPREN 30 33051288
Dt 5% Evap. 520 ™ PREN RO 34051998
Enst. 90% Evape 1815 Y PREN IR0 34051508
fnud, FBP 156,40 = pritn B0 2051908
ixist. Residue 14 o WY PREN 180 3408 1008
Sum content salvest washed} < 4 mgl100mt EN ISG 8248 1907
Laad content < 108 g EN 23713585
Dclane by, 30N 5.8 - FHE 251631093
Ciotane Nundas RON 45,3 - FRE 251641883
{ilefineg coment ap Y% WA ASTM D 131235
Oy MTBE content <« 0% B VIV EM 5011507
Fhasphorous somtiant < 10 Frgft 5% 15 57 A0lui
Suiphuy confent 28 mghg 80 87541980
Vapour pressure (LYPE} ke kia seEN 1301514557
Yister somien 45 mgfig ASTM D 174492

fipaults aconniing to 180D 4264

This peatiuct et the Guality sequiremenats Work by, ingyar Nilsson

scnding to customar's nomination Chemist in Charge! Ingear Nilsson

Tulaphone, #46 31 54 81 85

Fax: +48 21 04 51 38 For Praem Rallinaden Af, Gothenburg. "o et

Table 2. Gasoline Certificate of Quality (RVP 70 kPa)
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3.4 Blending & Storage

The test fuels were blended by personnel with a very good understanding of the test and the
difficulties associated with it. Particularly close attention was paid to obtaining a uniform start
tempetature and making sure that no fuel was exposed to temperatures that might cause early
vaporization. Therefore blending was performed in an area conditioned to a maximum of 0°C.

For the same reason, the fuel was stored in the conditioned area until just before the test. On
average the transportation and preparation of the previously blended fuel before the tests took
only 3 min. By the time the test was started the temperature of the gascline had risen on
average by 1.5°C.

3.5 Test procedure

Each test consisted of three major parts:

s Conditioning the fuel and filling the test contamer.
The test procedure in the VT shed.
¢ Purging the VT shed.

351 Conditioning:

The fuel was brought down to sub-zero temperatures before being poured into the special test
container and taken into the test facility. In the test container the temperature of the tuel was
monitored continuously. When the desired temperature was reached the container was taken
into the VT shed and the test was started. -

3.52 Test progedure in the VT shed

A specially prepared fuel container conditioned at 0°C was placed in the container whilst the
VT shed itself was set to maintain a steady 40°C throughout the test. To make sure a uniform
concentration was present throughout the entire volume of the VT shed, a small floor-
mounted fan directed away from the fuel container acted as an “air mixer”,

n the fuel container a small hole was drilled, which was plugged until the start of the test,
when the container was set on its side, the hole was opened and a thermocouple was plugged
in to monitor the fuel temperature during the test.

AVL MTC 8
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3.53.3 Purcing of the VT shed

To ensure that the VT shed was rid of all residual vapour before a new test was started it had
to be purged. This is a lengthy procedure which involves taking the shed to its maximum
temperature for approximately an hour,

A graph displaying changes in temperature over time of all the tested blends is presented
below (Figure 1). The rising traces represent the fuel container temperature and the steady
traces the VT shed air temperature.

Temperatures of the Fuels and Shed Cell Air During the tests

59
45
44
35
s 30
[} e
8 2 —a Alr temp RE3-D s Pyl forp RE3-0
g Airtemp R83-5 ' -3~ Fuel temp RE3.5
& 20 ~&=Fuel termp RE3-10 | —— Alr temp RE3-15
— Fuel temp RE3I-.’}5_ : Air Eémp Rf’ﬂ;ﬂ
15 4 Fuel témp R70-0 Air temp RTD-5

Fueltemp R7TD-5 - Alr tamp R70-10
- Fuel femp R76-10 -+ Alr temnp R70-15

10

Fuel temp R70-16 -~ Air lamp RE3.B5
- Fuel temp RE3-85

—#- Air temp RG3-10

Time, 2 hrs

Figure 1 Temperature of the Fuels and VT Shed cell Air during the tests

3.6 Calibration

Both of the instruments used for measuring (the FID and MS) during this project were
calibrated using certified pre-mixed gases to ensure quality. All calibration gases were
delivered by Air Liquide and traceable in accordance to the standard of NIST.
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4 RESULTS

Changes over time in the air levels of the measured constifuents as the tests progressed are
here presented in chart form to facilitate interpretation of the measurements.

The final concentrations at the end of the tests are also presented in bar graph format at the
end of this report to facilitate comparisous.

4.1 Changes over fime in Hydrocarbon levels {FID).’

Concentration of total HC (FID analyzer) during 2 hrs of testing

: e RE3-0
300 | —REE
RE3-10
e RB3-15
—R70-0
s R70-5
- R70-10
e RT015
-~ EBS

r
i
L]

200 |

Concentration of tot HC, ppm
-
L7i]
=

wd
=
o

50

Time, 2 hrs

Figure 2 Changes over time in Total Hydrocarbon Concentration (FII}} in the VT Shed
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4.2 Changes over time for other components (MS).

421 Ethanol

Unsurprisingly, the ethanol content of the vapour proved to increase with increasing ethanol
content in the test container to some extent. However, the relationship was not linear. Two
factors contribute to this pattern. Naturally, the vapour pressure is positively correlated to the
ethanol content of the blend in the container. In addition, however, ethanol enhances the
vapour pressure according to a relationship that is not linear and peaks at relatively low
cthanol contents of around 10% in ethanol-gasoline blends. This is shown here since the
vapour contents (ppm) were virtually the same for both the 5% and 10% blends, while those
of both the 0% and the E85 blends were considerably lower.

Concentration of Ethanol in Shed during 2 hrs of testing

e Ethano! {fLavg,) 63-0 CzRSGH-;SI
e Etnanol (flave.) 63-5 C2ZHSOH45
18,9 Ethanot fl.avg.) 63-10 C2H50H-45
~=Ethanol {fl.avg.} 63-15 CZHSOH-45
16,0 - ~—=Ethanol (f.avg.) 70-0 C2H50H-45
«=——Ethanol (fl.avg.} 76-5 CZH50H-45

-

Ead

-]
f

oo Bthaned (flavg.) 70410 C2HS0H-45
=== Ethranol {fl.avg.) 70-15 C2ZHSQH-45

-
™
E-1

- Ethanol (favg.} EBS
10,0 - o Poly. {(Ethanci {flave.} E85)

T oncentration, ppin ethano!
ok
[~]
.

&4

46

20

Time, 2hrs

Figure 3 Changes over time in the Ethano! Concentration in the VT Shed
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4.2.2 Butane

Butane is the main compound used to regulate the vapour pressure of gasoline. It is removed
to reduce the vapour pressure when required, for instance in summer gasoline, which is used
in higher ambient temperature ranges. The gasoline with the higher Reid Vapour Pressure
(RVP) index was therefore expected to have a higher content of vaporizing butane. This
expectation was confirmed in the tests, as shown below. In addition, the butane vapour
pressure-enhancing effect of the ethanol blended in the base gasolines was probably maximal at
contents between 5 and 10%.°9

Concentration of Butane in Shed during 2hrs of testing

s Butane {fl.avg.) 63-0

«——=Butans (fLavg.) 635
Butane (flavg,) 63-10
««««« - Butans (fLavg.) §3-15
s Btane (flavg.) 76-0
- Buiane (flavg.} 70-5
s Butane (flavg) 76-16

weeeee Butane (F.avg.} 70-15

- Butane (fLavg,) BA5

~eePoly, {Butana (flavg.) £85)

—Poly. Butane (fl.avg.) 63-0}

Concentration of buthane, Ppm

time, Zhrs

Figure 4 Changes over time in the Butane Concentration in the VT Shed
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4,23 Benzene

Benzene is an aromatic hydrocarbon with both ozone formation and carcinogenic potential, so
its emission levels are strictly restricted. Aromatics, however, are widely used to substitute
lead as an anti-knock compound in gasoline.

Benzene is also created during the combustion process in engines,

Concentration of Benzene in Shed during 2hrs of testing
Ap

0,70

3,65
wmmem Bonzensa {fl.avg.) 63-0 C6HE-T8

0,60 =ese Bonzene {(flave) §3-5 C8HE-1S

6,35 Benzene {flavg.) §3-10 CEHE-78

= Benzens (fl.avg.) §3-15 CEHE-T8

=
w
&

e Benzena (fl.avy.) 70-0 CEHE.TS

=
Y
[*3

e Rengaena (flavg.) 70-5 GEHE-TR
oo Bopzane (fl.avg.) 70-18 CGHG.T8

=
o
=)

e Batrgane (flavy.) 70-15 CEHE-TR
-~ Bonzene {fl.avg.} ESS
-Paly, (Benzene (flavg,) E85)

Concentration of Benzene, ppm

Time, Zhrs

Figure 5 Changes over Time in the Benzene Concentration in the VT Shed

Max concentration increase compared to base levels: approx, 20% (with E5Y.
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424 Toluene and Xviene

Concentration of Toluene in $hed during 2hrs of testing
Approximately a 20% maximum concentration increase, {(E5)

30
e Toluene {B.avg,) 63-0 C7HE.02
e Totuense {faveg.) 63-5 CTHE.92
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-
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=
o
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Figure 6 Changes over Time in the Toluene Concentration in the VT Shed

Concentration of Xylene in Shed during 2hrs of testing
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Figure 7 Changes over Time in the Xylene Concentration in the VT Shed

Max concentration increase compared to base levels: approx. 20% (with E5)
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425 MITBE

Concentration of MTBE in Shed during 2hrs of testing
0,49
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Figure 8 Changes over Time in the MTBE Concentration in the VI Shed

Max concentration increase compared to base levels: approx. 20% {with E5)’
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4.3 Comparison of final values, Bar graphs

The concentrations of the measured emissions from ESS5 are included as a separate series
since we have no information on the vapour pressure of the base gasoline used for blending.
However, it probably has a relatively high RYP since this level of ethanol lowers the Reid
Vapour Pressure of the final mix,

Ethanol Concentration at the end of the test
25
20
15 )
10 '@ Bhanol RVPB3| i |
" @ Fthancl RVFTO
5 @ Ehangl B85 1 —
b ;g;@ ‘_‘_“* .
G - B
0% 5% 10% 15% E8S
Blend of Ethangl

Bar graph i. Ethanol concentration at the end of the test (ppm)

Butane Concentration at the end of the test

140 s —
120
100 -

Blend of Ethanol

Bar graph 2. Butane concentration at the end of the test (ppm)
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Benzene Concentration at the end of the test
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P
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i

y
{8 Benzene RVP7Q ||

|0 Benzene E85 .
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Bar graph 3. Benzene coucentration at the end of the test {(ppm)**

Toluene Concentration at the end of the test
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Bar graph 4. Teluene concentration at the end of the test {ppm)}
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Xylene Concentration at the end of the test

0% 5% 10% 15% E85
Blend of Ethano!
_
Bar graph 5. Xylene concentration at the end of the test (ppm}
MTBE Concentration at the end of the test
0% 5% 10% 158% E85
Biend of Ethanol
Bar graph 6. MTBE concentration at the end of the test {ppm)
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4.4 Vapour pressure analyses

A small amount of each of the gasoline and ethanol biends was sampled and sent for analysis
to Saybolt Co. The results are shown in Bar graph 7. The samples were packed in gas-proof
containers, provided by the company, to prevent any components escaping and thus changing
the properties of the sample before analysis.

Vapour pressure as analysed by Saybolt

100

B8 RVP 83
ORVP 70
Ess

Reid Vapor Pressure (RVP), kPa
o
(]

0% 5% 10% 15% E85

Bar graph 7. Results from the Reid Vapour Pressure analyses by Saybolt
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